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Nitro-aromatics  2,4,6-trinitrotoluene  (TNT)  and 
hexahydro-1 ,3,5-trinitro-triazine  (RDX)  are  the 
major  constituents  of  wastewaters  discharged 
from  munitions  load,  assembly,  and  pack 
operations  at  Department  of  Defense  (DOD) 
facilities.  TNT  and  RDX  enter  wastestreams 
during  munitions  loading  and  demilitarization. 
This  study  focused  on  a  treatment  method  for 
RDX. 

Prior  work  has  shown  that  simple  photolysis 
using  ultraviolet  light  (UV)  is  sufficient  to  convert 
RDX  in  contaminated  water  to  small  non¬ 
nitrated  organic  by-products  such  as  formalde¬ 
hyde  and  formic  acid,  as  well  as  the  inorganic 
ions  nitrate  and  nitrite.  This  implies  that  UV 
photolysis  might  provide  a  satisfactory  and 
economical  treatment  system  for  RDX  in  water. 
Although  considerable  work  has  been  reported 
in  the  literature  on  RDX  thermolysis  and 
photolysis  pathways,  a  completely  satisfactory 
mechanism  for  RDX  degradation  has  not  been 
proposed.  Prior  work  has  indicated  that  a 
recently  elucidated  reductive  pathway  may  be 


important  in  the  degradation  of  RDX  during 
photolysis. 

The  objectives  of  this  project  were  to  postulate  a 
mechanism  for  RDX  photolysis  based  on  infor¬ 
mation  from  the  literature  and  data  obtained 
during  this  study,  develop  the  corresponding 
kinetic  model,  and  compare  projections  of  that 
model  with  results  from  laboratory  photolysis 
and  thermolysis  experiments.  The  results  would 
verify  the  appropriateness  of  the  model,  eluci¬ 
dating  the  primary  mechanistic  steps  in  RDX 
photolysis  and  determining  whether  the  reduc¬ 
tive  pathway  contributes  significantly  to  RDX 
degradation. 

A  mechanistic  model  was  developed  that 
included  all  of  the  reasonable  suggestions  from 
the  literature.  The  modeftig  results  indicated 
that,  of  the  possible  pathways  given  in  the 
literature,  the  primary  photolysis  pathway  to  the 
nitroso  derivative  in  aqueous  solution  was 
removal  of  an  N02  group  by  breaking  the  N-N 
bond. 
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1  Introduction 


Background 

Nitro-aromatics  2,4,6-trinitrotoluene  (TNT)  and  hexahydro-1,3,5-  trinitro-  tri- 
azine  (RDX)  are  the  major  constituents  of  wastewaters  discharged  from  muni¬ 
tions  load,  assembly,  and  pack  operations  at  current  and  former  Department  of 
Defense  (DOD)  facilities.  TNT  and  RDX  enter  wastestreams  during  munitions 
loading  and  demilitarization.  Wastewater  contaminated  with  TNT  and  RDX  is 
referred  to  as  pinkwater,  due  to  its  characteristic  color.  This  study  focused  on  a 
treatment  method  for  RDX. 

Prior  work  has  shown  that  simple  photolysis  using  ultraviolet  (UV)  light  is  suffi¬ 
cient  to  convert  RDX  in  contaminated  water  to  small  non-nitrated  organic  by¬ 
products  such  as  formaldehyde  and  formic  acid,  as  well  as  the  inorganic  ions  ni¬ 
trate  and  nitrite.  This  implies  that  UV  photolysis  might  provide  a  satisfactory 
and  economical  treatment  system  for  RDX  in  water.  Although  considerable  work 
has  been  reported  on  RDX  thermolysis  and  photolysis  pathways,  a  completely 
satisfactory  mechanism  for  RDX  degradation  has  not  been  proposed.  Recent  in¬ 
formation  has  concerned  a  reductive  pathway  that  may  participate  in  RDX  deg¬ 
radation.  It  is  desirable  not  only  to  determine  whether  this  pathway  is  impor¬ 
tant,  but  also  to  clarify  the  paths  by  which  RDX  photodegrades,  in  order  to 
predict  problem  by-products  and  design  better  treatment  systems. 


Objectives 

The  objectives  of  this  project  were  to: 

1.  postulate  a  mechanism  for  RDX  photolysis  based  on  information  from  the  litera¬ 
ture  and  data  obtained  during  this  study 

2.  develop  the  corresponding  kinetic  model 

3.  compare  projections  of  that  model  with  results  from  laboratory  photolysis  ex¬ 
periments  for  the  purpose  of: 
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a.  verifying  the  appropriateness  of  the  model 

b.  elucidating  the  primary  mechanistic  steps  in  RDX  photolysis 

c.  determining  whether  the  reductive  pathway  contributes  significantly  to 
RDX  degradation. 


Approach 

The  approach  used  in  this  investigation  was  to: 

1.  review  existing  literature  to  identify  all  possible  candidate  reactions  that 
might  participate  in  the  pathway 

2.  construct  a  mechanistic  (pathway)  model  that  includes  all  candidate  reac¬ 
tions 

3.  eliminate  unimportant  reactions  on  the  basis  of  experimental  evidence  or  cal¬ 
culations  that  show  a  particular  pathway  to  be  unimportant 

4.  derive  the  differential  rate  equations  from  the  reduced  mechanism 

5.  solve  these  kinetic  equations  either  analytically  or  numerically  while  further 
eliminating  unimportant  terms 

6.  identify  existing  rate  constants 

7.  measure  new  rate  constants  if  necessary,  or  estimate  their  values  from  litera¬ 
ture  values  for  similar  rate  constants  for  use  in  the  rate  equations 

8.  use  inestimable  rate  constants  as  adjustable  parameters  in  fitting  the  predic¬ 
tions  of  the  kinetic  equations  to  existing  and  newly  acquired  experimental 
data. 

Steps  3-8  were  used  iteratively  with  acquisition  of  new  data  in  the  laboratory  to  ar¬ 
rive  at  a  mechanism  that  satisfactorily  described  the  photolytic  degradation  of  RDX 

in  water. 
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2  Background  Literature 

Overview  and  Prior  Work  in  This  Laboratory 

Prior  work  by  Peyton  et  al.  (1992),  has  shown  that  simple  photolysis  losing  UV 
light  is  sufficient  to  rapidly  convert  RDX  in  contaminated  water  to  the  by¬ 
products  formaldehyde,  formic  acid,  nitrate,  and  nitrite.  This  suggests  that  pho¬ 
tolysis  would  be  an  appropriate  water  treatment  process  for  RDX  removal.  It  is 
thus  desirable  to  understand  how  photolysis  occurs  and  what  by-products  are 
formed. 

Although  considerable  work  has  been  reported  in  the  literature  on  RDX  ther¬ 
molysis  and  photolysis,  a  completely  satisfactory  mechanism  for  RDX  degrada¬ 
tion  has  not  been  proposed.  Most  researchers  have  favored  the  scission  (break¬ 
ing)  of  the  nitrogen-nitrogen  (N-N)  bond  to  free  nitrogen  dioxide  (N02)  as  the 
first  step  in  both  thermolysis  and  photolysis,  but  as  will  be  shown  later  in  this 
chapter,  published  data  conflicts  with  respect  to  support  of  that  hypothesis.  Fur¬ 
thermore,  although  many  investigators  have  reported  the  nitroso  derivative  of 
RDX  (compound  MNX  in  Figure  1)  as  a  major  product  from  both  thermolysis  and 
photolysis  of  RDX,  a  satisfactory  explanation  of  the  mechanism  of  formation  of 
the  nitroso  derivative  has  not  been  given.  Several  groups  have  reported  the  ap¬ 
pearance  of  the  dinitroso-derivative  (DNX),  and  at  least  one  group  found  the 
trinitroso-compound  (TNX)  as  well.  On  the  other  hand,  other  researchers  have 
reported  identifying  the  unsaturated  compound  corresponding  to  loss  of  nitrous 
acid  (HN02)  from  RDX  (compound  MUX  in  Figure  1),  while  failing  to  find  the  ni¬ 
troso  compounds,  leaving  the  question  of  the  pathways  for  RDX  thermoly¬ 
sis/photolysis  unresolved  in  the  literature. 

Recently,  Peyton  et  al.  (1995),  reported  the  existence  of  a  reductive  pathway  that 
was  operative  even  in  highly  oxidizing  systems  during  the  treatment  of  2,4- 
dinitrotoluene  (DNT)  using  hydroxyl  radical  processes  (advanced  oxidation  proc¬ 
esses  or  AOPs).  A  mechanism  involving  reduction  to  the  nitroso  compound  then 
to  the  amino  derivative  was  proposed  on  the  basis  of  earlier  work  by  Asmus, 
Mockel,  and  Henglein  (1973)  on  the  radiation  chemistry  of  nitrobenzene.  It  is 
reasonable  to  assume  that  such  a  mechanism  might  be  operative  in  the  RDX  sys¬ 
tem  as  well,  which  could  explain  the  formation  of  compounds  MNX,  DNX,  and 
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Figure  1.  RDX  and  photolysis  by-products. 


TNX.  This  pathway  was  therefore  included  among  those  considered  in  this 
study,  along  with  the  published  reactions  discussed  in  the  following  sections. 


i 


Nitramine  and  Nitrosamine  Photolysis/Thermolysis  Literature 

Although  considerable  work  has  been  carried  out  on  the  photolysis  and  ther¬ 
molysis  of  RDX  in  the  solid,  liquid,  and  solution  phases,  there  is  little  agreement 
in  the  RDX  literature  about  the  reaction  pathways  during  RDX  photolysis.  Fur¬ 
thermore,  results  obtained  in  the  solid  or  gas  phase  must  be  used  with  caution 
when  applying  them  to  the  interpretation  of  solution-phase  data.  This  is  due  to 
two  factors:  (1)  in  the  solid  phase,  the  proximity  of  other  RDX  molecules  in¬ 
creases  the  likelihood  of  interaction  with  another  RDX  molecule,  and  (2)  in  the 
gas  phase,  it  can  be  difficult  for  intermediate  species  to  rid  themselves  of  excess 
energy,  which  can  cause  decompositions  that  may  not  occur  in  the  liquid  phase. 
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A  commonly  postulated  first  step  in  RDX  photolysis  and  thermolysis  is  scission  of 
the  N-N  bond,  forming  N02  (a  radical,  i.e.,  a  very  reactive  species  having  an  un¬ 
paired  electron)  and  an  aminyl  radical  (the  remainder  of  the  RDX  molecule): 


hv 


+ 


N02 


One  paper  that  has  been  often  cited  as  providing  evidence  of  that  reaction  is  that 
of  Flournoy  (1962),  who  pyrolysed  (subjected  to  high  temperatures)  dimethylni- 
tramine  in  the  gas  phase,  determined  that  the  principal  product  was  dimethyl 
nitrosamine  (80  percent  yield),  and  determined  an  activation  energy  of  53+5  ki¬ 
localorie  (kcal)/mole  from  the  temperature  dependence  of  the  product  appearance 
rate.  The  N-N02  bond  energy  in  dimethylnitramine  had  previously  been  deter¬ 
mined  to  be  55  kcal/mole.  On  the  basis  of  this  agreement,  the  first-order  behav¬ 
ior  of  the  reaction  kinetics,  and  the  high  yield  of  a  single  product,  Flournoy  pro¬ 
posed  a  mechanism  employing  N-N  bond  scission  as  the  first  step. 

To  test  this  hypothesis,  Suryanarayanan  and  Bulusu  (1972)  carried  out  the  pho¬ 
tolysis  of  a  mixture  of  15N-labeled  and  unlabeled  dimethylnitramine  in  the  solid 
phase.  They  interpreted  the  lack  of  isotope  scrambling  in  the  remaining  nitra- 
mine  as  evidence  that  fission  of  the  N-N  bond  was  not  the  primary  step  in  RDX 
photolysis,  since  some  recombination  of  labeled  N02  with  unlabeled  aminyl  radi¬ 
cal  (and  vice  versa)  might  be  expected  due  to  the  diflrusional  confinement  within 
the  solid.  These  authors  instead  proposed  direct  scission  of  the  nitrogen-oxygen 
(N-O)  bond  of  the  nitro  group  to  yield  the  nitroso  group.  It  is  interesting  to  note, 
within  the  context  of  these  results,  that  the  energies  of  the  N-0  bonds  in  N20, 
HONCHg,  and  N02  are  40,  50,  and  73  kcal/mole  (Dean  1987),  which  are  similar 
to  the  measured  activation  energy  determined  by  Flournoy,  considering  the  dif¬ 
ferences  in  the  parent  molecules. 

Hoffsommer  and  Glover  (1985)  investigated  the  thermolysis  of  RDX  at  180  °C  in 
benzene,  deuterated  benzene,  and  as  a  melt,  carried  out  in  evacuated  and  sealed 
capillary  tubes.  They  observed  the  production  of  the  mono-,  di-,  and  trinitroso 
RDX  derivatives  (MNX,  DNX,  and  TNX)  in  high  yield,  still  achieving  75  percent 
of  mass  balance  with  those  three  products  at  the  50  percent  RDX  decomposition 
point.  Products  were  identified  by  comparing  gas  chromatographic  (GC)  reten¬ 
tion  times  with  those  of  authentic  standards  synthesized  by  accepted  methods. 
The  gas  chromatography/mass  spectrometry  (GC/MS)  spectra  of  these  methods 
were  said  to  be  consistent  with  the  expected  product  (unfortunately,  the  spectra 
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were  not  published).  The  authors  reported  that  prolonged  thermolysis  of  the 
mixture  led  to  an  apparent  “equilibrium  mixture”  of  nitroso  derivatives,  and 
stated  that  a  similar  equilibrium  behavior  was  observed  during  the  synthesis  of 
some  nitroso  derivatives. 

Hoffsommer  and  Glover  (1985)  also  observed  a  mild  solvent  kinetic  isotope  effect 
of  1.6  on  the  RDX  decomposition  rates,  which  they  interpreted  as  implicating  the 
solvent  hydrogen  atoms  in  an  interaction  with  the  nitro/nitroso  oxygen  atoms. 
They  proposed  sequential  degradation  of  the  nitroso  compounds  RDX->MNX- 
>DNX->TNX  (Figure  1).  They  also  speculated  about  a  mechanism  involving  a 
number  of  previously  proposed  processes,  but  did  not  provide  further  supporting 
evidence.  One  of  the  most  important  contributions  of  this  paper  was  to  provide  a 
simple  means  for  other  investigators  to  prepare  retention  time  standards  for  the 
MNX,  DNX,  and  TNX  derivatives.  This  method  was  used  in  the  present  project 
to  identify  the  MNX,  DNX,  and  TNX  peaks  in  high  performance  liquid  chroma¬ 
tography  (HPLC)  chromatograms. 

Botcher  and  Wight  (1994)  performed  laser  pyrolysis  on  a  15N-labeled  and  unla¬ 
beled  RDX  mixture  at  77  °K  and  observed  Fourier  transform  infrared  (FTIR) 
spectra  of  the  frozen  products.  Scrambled  labels  in  the  resultant  nitrogen 
tetroxide  (N204)  and  a  yield  of  1.9  RDX  molecules  decomposed  for  every  N204 
molecule  detected  was  interpreted  to  mean  that  one  N02  came  from  each  decom¬ 
posed  RDX.  The  authors  concluded  that  N-N  bond-breaking  to  form  N02  was  the 
first  step  in  RDX  thermal  decomposition  and  provided  direct  evidence  for  the 
presence  and  possible  involvement  of  N204  in  the  decomposition. 

Oxley  et  al.  (1992)  performed  thermolysis  at  200-300  °C  in  hydrocarbon  solvents, 
using  different  15N  singly-  and  doubly-labeled  nitramines.  They  found  that  the 
corresponding  nitrosamines  were  the  principal  or  only  condensed-phase  prod¬ 
ucts.  In  agreement  with  Suryanarayana  and  Bulusu  (1972),  they  found  no 
scrambling  of  the  nitrogen  labels  in  the  reactant  nitramine  (the  authors  had  ex¬ 
pected  scrambling  would  occur  if  N02  ejection  was  the  first  reaction  step,  due  to 
recombination  of  N02  and  the  aminyl  radical),  but  found  complete  scrambling  in 
the  evolved  gases  and  the  product  nitrosamines,  seemingly  inconsistent  with 
N02  loss. 

Use  of  deuterium-labeled  dimethylnitramine  gave  a  kinetic  isotope  effect  of  1.57 
(in  agreement  with  other  workers),  indicating  involvement  of  the  H-atom  adja¬ 
cent  to  the  N-nitroso  group.  Of  the  two  possible  reactions  considered,  migration 
of  an  O-atom  from  the  N02  group  to  insert  in  an  adjacent  C-H  bond,  or  HN02 
elimination,  only  the  latter  explained  the  isotope  scrambling  in  the  nitrogen- 
containing  gases;  furthermore,  it  also  explained  the  absence  of  carbon  oxides  in  a 
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similar  experiment  using  diisopropylnitramine.  Thus,  the  authors  proposed  a 
mechanism  consisting  of  both  N-N  bond  scission  and  HN02  elimination,  but  con¬ 
ceded  that  not  all  features  of  their  data  were  explained.  The  proposed  mecha¬ 
nism  included  dissociation  of  the  N-N  bond  of  the  nitramine  to  give  N02  and  the 
corresponding  aminyl  radical  from  RDX,  followed  by  transformation  of  the  N02 
into  NO  (nitric  oxide,  another  radical)  by  an  unspecified  mechanism,  to  give  the 
nitrosamine  by  recombination  of  NO  with  the  aminyl  radical.  The  secondary 
pathway  (nitrosamines  were  the  major  products  in  all  cases)  was  postulated  to 
begin  with  elimination  of  HN02  to  give  a  carbon-nitrogen  double  bond,  to  which 
re-addition  of  HN02  was  proposed  to  yield  a  hydroxydiazo  intermediate  that  then 
decomposed  to  an  alcohol.  This  sequence  is  shown  for  dimethylnitramine,  where 
the  arrow  between  nitrogen  and  oxygen  in  dimethylnitramine  indicates  a 
coordinate  covalent  bond. 


No  methanol  or  formaldehyde  was  detected  by  the  investigators,  so  the  mecha¬ 
nism  was  not  supported  by  the  product  analysis. 

A  similar  reaction  to  the  above  sequence,  however,  cannot  occur  for  RDX  without 
breaking  the  ring: 
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Unfortunately,  Oxley  et  al.  offered  no  discussion  of  reaction  products  from  ex¬ 
periments  performed  with  N-nitropiperidine,  which  should  behave  similarly  to 


14 


CERL  TR  99/93 


RDX  with  respect  to  ring  cleavage,  and  therefore  might  have  helped  to  prove  or 
disprove  the  authors’ hypothesis. 

In  a  later,  more  extensive  study,  Oxley  and  coworkers  (1994)  reached  the  same 
conclusions  as  before  (i.e.,  that  N-N  bond  scission  was  the  most  important  path¬ 
way,  with  HN02  elimination  also  a  significant  reaction).  Of  the  13  nitramines 
(including  9  cyclic  nitramines)  for  which  thermal  decomposition  was  investi¬ 
gated,  the  nitrosamine  was  the  principal  product  for  all  except  RDX.  All  nitra¬ 
mines  were  found  to  have  thermolysis  activation  energies  in  the  39-52  kcal/mole 
range.  This  investigation  found  some  isotope  scrambling  in  the  parent  nitra- 
mine,  in  contrast  not  only  to  the  results  of  Suryanarayanan  and  Bulusu  (1972), 
but  also  in  contrast  to  their  own  previous  results.  No  solvent  deuterium  kinetic 
isotope  effect  was  found,  in  contrast  to  the  results  of  Hoffsommer  and  Glover 
(1985).  Compounds  with  more  than  one  nitramine  group  showed  evidence  of  se¬ 
quential  conversion  to  nitrosamines. 

Thermolysis  of  RDX  to  about  40  percent  conversion  showed  the  appearance  of 
MNX,  DNX,  and  TNX,  which  disappeared  at  higher  conversion,  leaving  unchar- 
acterizable  products.  Maximum  yields  of  MNX  from  RDX  were  about  24  percent 
in  acetone  solution  (at  71  percent  RDX  decomposition),  compared  to  5-6  percent 
in  the  vapor  or  as  the  neat  compound.  In  acetone  solution,  RDX  produced  about 
1  mole  of  gaseous  compounds  per  mole  of  RDX  heated  (240  °C  for  10  half-lives), 
half  of  which  was  N2.  As  before,  the  authors  concluded  that  N-N  bond  homolysis 
(radical  formation)  was  the  principal  initial  step,  followed  by  conversion  of  N02 
to  NO  (mechanism  still  unspecified),  which  recombines  with  the  aminyl  radical 
formed  by  N-N  bond  scission.  They  also  showed  additional  deuterium  kinetic 
isotope  effect  data  to  support  the  secondary  mechanism  of  HN02  elimination. 

The  literature  shows  additional  evidence  for  the  existence  of  a  product  corre¬ 
sponding  to  the  elimination  of  HN02  from  RDX  in  aqueous  solution,  although 
formed  by  a  different  mechanism.  Hoffsommer,  Kubose,  and  Glover  (1977)  de¬ 
tected  a  semi-stable  product  from  the  aqueous  alkaline  hydrolysis  of  RDX,  meas¬ 
ured  the  kinetics  of  its  disappearance,  and  obtained  the  mass  spectrum  of  the 
products  formed  from  both  proteated  and  deuterated  RDX.  They  assigned  the 
structure  as  that  arising  from  the  removal  of  a  proton  from  RDX,  followed  by 
elimination  of  N02  to  give  a  product  corresponding  to  MUX  in  Figure  1.  This 
unsaturated  species  is  the  same  compound  as  would  be  formed  by  the  elimina¬ 
tion  of  HN02  as  proposed  by  Oxley  et  al.  Despite  the  fact  that  the  hydrolysis 
product  disappeared  rather  quickly  (half  life  of  40-150  minutes  at  pH  7.9-7.3), 
Hoffsommer,  Kubose,  and  Glover  found  only  1.1  mole  of  nitrite  formed  by  this 
process,  per  mole  of  RDX  decomposed,  implying  that  elimination  of  a  second 
equivalent  of  HNOz  did  not  occur  in  “weak”  base  (0.1  M  sodium  hydroxide 
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[NaOH]  or  approximately  pH  13),  i.e.,  that  sequential  elimination  to  eventually 
give  DUX  and  triazine  (TUX=triazine  in  Figure  1)  did  not  occur  during  their  al¬ 
kaline  hydrolysis  experiments.  This,  of  course,  does  not  rule  out  the  possibility 
of  DUX  formation  during  photolysis. 

Even  in  strong  base  (19  M  NaOH),  only  2.1  mole  of  NO/  was  found  per  mole  of 
RDX  decomposed,  with  the  remainder  of  the  nitrogen  mass  balance  essentially 
closed  with  0.7  mole  of  N2,  1.6  moles  of  NH3,  and  0.4  mole  of  N20  per  mole  of 
RDX  decomposed  (5.9  out  of  6.0  moles  of  nitrogen),  obviating  the  formation  of 
triazine  in  their  system. 

Hawaii  et  al.  (1996)  reported  the  inadvertant  production  of  the  unsaturated 
compound  MUX  during  extraction  of  RDX  from  soils  using  alkaline  isopropanol. 
Although  they  reported  that  the  compound  could  be  generated  in  the  laboratory 
by  hydrolysis  in  alkaline  2-propanol,  no  details  were  given.  A  positive-ion  chemi¬ 
cal  ionization  (PCI)  mass  spectrum  was  shown  for  the  product  in  which  the  base 
peak  was  at  an  m/z  value  of  176,  which  corresponds  to  the  P+1  peak  for  the 
structure  of  the  unsaturated  compound  MUX. 

* 

Bose,  Glaze,  and  Maddox  have  reported  on  the  results  of  RDX  photolysis  in 
aqueous  solution.  These  authors  assigned  the  NCI  (negative-ion  chemical  ioni¬ 
zation)  mass  spectrum  of  the  primary  product  to  the  mono-unsaturated  RDX 
(MUX),  but  did  not  find  the  nitroso  derivatives.  This  assignment,  like  that  of 
Hawari,  must  be  considered  tentative,  since  (1)  the  NCI  spectra  of  Bose  et  al.  can 
not  be  compared  with  the  El  (electron  impact)  spectra  of  Hoffsommer  et  al.  or 
Hawari.  et  al.,  (2)  no  parent  ion  (P+M)  was  observed  in  the  NCI  spectrum,  (3)  no 
authentic  standard  compound  was  available,  and  (4)  no  other  evidence  was  given 
for  the  assignment.  Of  the  three  tentative  identifications,  those  of  Hoffsommer 
et  al.  and  Hawari  et  al.  have  the  additional  evidence  that  the  compound  was 
generated  by  basic  hydrolysis  from  RDX. 


W.H.  Glaze,  personal  communication,  1997.  Manuscript  submitted  to  Water  Research  tor  publication. 
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Organic  Photochemistry  Literature 

A  review  of  recent  organic  photochemistry  literature  revealed  several  papers  that 
have  not  been  mentioned  in  past  interpretations  of  RDX  photolysis/pyrolysis 
data.  An  extensive  series  of  studies  summarized  in  Chow  (1973)  and  Chow  et  al. 
(1979)  on  the  photolysis  of  nitrosamines  and  two  papers  on  the  photolysis  of  ni- 
troamines  yielded  the  mechanistic  information  summarized  in  Figures  2  and  3, 
respectively. 

Chow  found  that  the  behavior  of  N-nitrosamines  such  as  N-nitrosopiperidine  (I 
in  Figure  2)  under  photolysis  was  the  same  whether  the  k  (340  nm)  or 
n-^%*  (230-240  nm)  transition  was  excited,  breaking  the  N-N  bond  to  form  an 
aminyl  radical  (II  in  Figure  2)  and  nitric  oxide  (NO).  In  the  presence  of  acid 
(0.01  N  or  stronger),  the  aminyl  radical  was  rapidly  converted  to  the  protonated 
form,  the  aminium  radical  (III  in  Figure  2).  In  acidic  aqueous  solution,  this  radi¬ 
cal  is  said  to  be  attacked  by  the  counter  radical  nitric  oxide,  perhaps  forming  the 
intermediate  species  nitroxyl  (NOH)  by  hydrogen  abstraction,  and  leaving  an 
unsaturated  ring  compound  (IV).  Thus,  this  mechanism  produces  the  same  un¬ 
saturated  compound  as  does  the  earlier  described  HN02  elimination  but  pro¬ 
duces  nitroxyl  rather  than  HNOz. 

It  is  easily  shown  that  application  of  this  mechanism  to  RDX  would  produce  the 
same  unsaturated  compound  that  was  reported  by  Kubose  and  Hoffsommer 
(1977)  to  arise  by  hydrolysis.  In  their  paper,  Chow  et  al.  (1979)  claimed  that  the 
nitroxyl  then  adds  to  the  double  bond  to  give  the  aldoxime  (V).  In  methanol  the 
aminyl  radical  was  reported  to  abstract  a  hydrbgen  atom  from  the  solvent 
methanol  to  yield  piperidine  and  a  hydroxymethyl  radical  (center  pathway,  Fig¬ 
ure  2).  The  observance  of  formylpiperidine  as  a  product  and  the  high  quantum 
yield  (<|>  =  4-5)  of  nitroso  compound  disappearance  appear  to  be  consistent  with 
intermediate  generation  of  a  hydroxymethyl  radical,  which  may  attack  parent 
nitrosamine,  although  no  specific  mechanism  was  suggested.  When  an  olefin 
such  as  cyclohexene  was  present  in  acidic  solution,  addition  to  the  double  bond 
yielded  the  compound  V.  In  the  absence  of  acid,  however,  no  addition  to  olefins 
was  observed,  and  product  mass  balance  was  incomplete.  Any  unreacted  ni¬ 
troxyl  radical  would  dimerize  to  hyponitrous  acid  (H^Oj),  which  is  a  known  re- 
ductant  that,  in  the  absence  of  reaction  with  other  species,  decomposes  to  N20 
(Hughes  1968). 

Chow  et  al.  (1979)  reported  that  photolysis  of  the  corresponding  nitramines  un¬ 
der  similar  conditions  also  produced  the  aminyl  radical  from  N-N  bond  scission, 
along  with  N02  (Figure  3).  In  neutral  methanol,  the  corresponding  amine  pi- 
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nitroxyl  then  adds  to  the  double  bond  to  give  the  aldoxime  (V).  In  methanol  the 
aminyl  radical  was  reported  to  abstract  a  hydrogen  atom  from  the  solvent 
methanol  to  yield  piperidine  and  a  hydroxymethyl  radical  (center  pathway,  Fig¬ 
ure  2).  The  observance  of  formylpiperidine  as  a  product  and  the  high  quantum 
yield  (4>  =  4-5)  of  nitroso  compound  disappearance  appear  to  be  consistent  with 
intermediate  generation  of  a  hydroxymethyl  radical,  which  may  attack  parent 
nitrosamine,  although  no  specific  mechanism  was  suggested.  When  an  olefin 
such  as  cyclohexene  was  present  in  acidic  solution,  addition  to  the  double  bond 
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troxyl  radical  would  dimerize  to  hyponitrous  acid  (H^O,,),  which  is  a  known  re- 
ductant  that,  in  the  absence  of  reaction  with  other  species,  decomposes  to  N20 
(Hughes  1968). 

Chow  et  al.  (1979)  reported  that  photolysis  of  the  corresponding  nitramines  un¬ 
der  similar  conditions  also  produced  the  aminyl  radical  from  N-N  bond  scission, 
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piperidine  was  obtained  in  13  percent  yield,  along  with  a  smaller  quantity  (7 
percent)  of  formyl  piperidine  (VI),  but  product  mass  balance  was  again  poor.  In 
hexane,  38  percent  piperidine  was  found,  along  with  33  percent  of  the  corre¬ 
sponding  nitroso  compound.  As  is  the  case  of  photolysis  of  nitroso  compounds,  no 
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(Reprinted  with  permission  from  Chow  1973;  copyright  1973  American  Chemical  Society.) 

Figure  2.  Photolysis  of  N-nitrosopiperidine. 
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Figure  3.  Photolysis  of  nitramines. 


addition  to  cyclohexene  occurred  in  the  absence  of  acid.  In  the  presence  of  add 
but  no  cyclohexene,  piperidine  was  obtained,  while  with  cyclohexene  present,  73 
percent  product  mass  balance  was  obtained  among  just  the  addition  compounds 
(VII).  The  multiplicity  of  addition  products  containing  various  X  groups  was 
consistent  with  radical  addition  to  the  double  bond  of  the  alkene  as  the  first  step 
in  the  reaction.  In  neutral  methanol  solution,  the  quantum  yield  of  N-nitro- 
piperidine  (NNP)  disappearance  was  about  5,  while  in  acidic  methanol,  the 
quantum  yield  was  7  to  8,  indicating  a  chain  reaction  and  implying  the  participa¬ 
tion  of  the  hydroxymethyl  radical.  In  acidic  methanol,  sparging  (sprinkling)  with 
oxygen  did  not  reduce  the  quantum  yield  of  NNP  destruction.  Unfortunately,  no 
results  were  reported  to  indicate  that  a  corresponding  experiment  might  have 
been  carried  out  in  neutral  methanol.  The  intermediacy  of  the  aminyl  radical 
was  demonstrated  by  showing  that  the  same  intermediate  was  reached  by 
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photolysis  of  N-chloropiperidine,  a  previously  known  reaction.  Chow  et  al.  (1979) 
proposed  the  mechanism  shown  in  Figure  3  to  explain  their  experimental  re¬ 
sults. 

Unfortunately  for  this  photolysis  study,  the  investigations  of  Chow  et  al.  (1979) 
focused  primarily  on  the  aminium  radicals,  which  were  of  more  interest  to  those 
investigators  because  of  their  reactivity  and  synthetic  utility.  They  did  not  study 
the  neutral  aminyl  radicals  that  are  the  products  of  nitramine  and  nitrosamine 
photolysis  in  neutral  solution,  such  as  are  being  studied  here.  In  light  of  the 
Chow  et  al.  results,  it  appears  significant  that  Kubose  and  Hoffsommer  (1977) 
found  the  production  of  nitrosamine  in  acidic  but  not  neutral  or  basic  solution. 
However,  another  possible  explanation  for  this  result  will  be  discussed  in  a  later 
section  on  NO  and  N02  participation.  Despite  the  high  values  reported  for  the 
quantum  yields,  Chow  (1973)  stated  that  the  nitramines  were  photochemically 
“unreactive”  in  neutral  solution.  He  later  (Ho  and  Chow  1982)  qualified  that 
statement  as  nitramines  being  “apparently”  unreactive,  due  to  recombination  of 
the  aminyl  and  nitrogen  dioxide  radicals  to  regenerate  the  starting  nitramine. 
This  statement  was  based  on  a  report  by  Geiger  and  Huber  (1981)  that  photoly¬ 
sis  at  363.5  nm  (n— >71  )  of  gas-phase  dimethylnitramine  produced  dimethylni- 
tramyl  radical  and  N02,  which  recombined  with  100  percent  efficiency  to  give 
starting  material.  Chow  ascribed  the  greater  reactivity  of  the  amininm  radical 
to  the  fact  that  it  does  not  recombine  with  N02  as  rapidly  as  does  aminyl  radical. 

The  general  results  of  Chow  et  al.  (1979)  were  supported  by  those  of  Wagner, 
Ruel,  and  Lusztyk  (1996),  who  also  found  that  the  lifetime  of  the  aminium  radi¬ 
cals  was  longer  in  2:1  methanol: water  than  in  acetonitrile.  This  point  might  at 
first  seem  to  conflict  with  Chow’s  mechanism,  but  that  conflict  might  be  ac¬ 
counted  for  by  the  fact  that  the  N02  concentration  could  be  depleted  by  reaction 
with  methanol  and  water,  leaving  less  N02  to  back-react  with  amimiim  radical. 
Wagner,  Ruel,  and  Lusztyk  (1996)  also  found  that  the  spectra  and  lifetimes  of  the 
radicals  formed  were  unaffected  by  the  presence  of  oxygen,  implying  no  nitroxide 
production  by: 


r2n-+o2  r2n-o2 


R2N-02  +R2N-  2 R2N-0' 
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since  the  spectrum  of  the  nitroxide  should  be  detectable  and  radical  lifetimes  no¬ 
ticeably  shortened  by  reaction  with  02.  It  is  more  likely  that  nitroxide  would  be 
formed  by  (Schuchmann  and  von  Sonntag  1997): 

2  R2N-02’  -»  2R2N -O’  +  02 

The  results  of  Wagner,  Ruel,  and  Lusztyk  (1996),  appear  at  first  to  be  in  direct 
conflict  with  those  of  Roberts  and  Ingold  (1973),  who  performed  electron  spin 
resonance  (ESR)  studies  that  conclusively  demonstrated  nitroxide  formation  due 
to  rapid  and  quantitative  reaction  of  aminyl  radicals  with  oxygen.  The  nitroxide 
formed  from  2,2,6,6-tetramethylpiperidyl  (TMP)  radicals  was  shown  to  have  the 
same  esr  spectrum  as  an  authentic  sample  of  the  nitroxide.  Nitroxides  are  rela¬ 
tively  stable  free  radicals  (i.e.,  many  can  be  isolated  under  some  conditions)  and 
are  used  for  “spin  trapping”  in  mechanistic  studies.  These  investigators  reported 
that  TMP  radicals  abstracted  hydrogen  atoms  from  their  hydrocarbon  solvents 
with  rate  constants  ranging  from  0.69  M  V1  for  toluene  to  0.013  for  2,3- 
dimethylbutane.  The  reaction  of  TMP  with  02  was  reportedly  too  fast  to  meas¬ 
ure  under  their  conditions.  However,  calculation  of  the  fastest  rate  constant  for 
reaction  with  02  that  these  investigators  could  measure  gave  k’>104  s'1,  while  the 
slowest  rate  constant  that  Wagner  could  have  detected  in  competition  with 
quenching  by  the  solvent  was  on  the  order  of  106  s'1.  Therefore,  these  two  reports 
are  not  in  conflict,  and  it  is  a  reasonable  assumption  that  104<k'<106.  This  value 
would  not  necessarily  apply  to  the  particular  aminyl  radical  produced  from  RDX, 
but  gives  at  least  a  starting  point  for  estimation  of  such  a  value.  A  more  recent 
review  of  the  chemistry  of  nitroxides  (Aurich  1989)  still  supports  the  conclusions 
of  Roberts  and  Ingold  (1973)  as  do  Schuchmann  and  von  Sonntag  (1997).  How¬ 
ever,  another  paper  by  von  Sonntag  and  Schuchmann  (1997)  also  raises  the  pos¬ 
sibility  of  elimination  of  H02  by  the  nitrogen-centered  peroxyl  radical  and  a  hy¬ 
drogen  atom  from  an  adjacent  carbon  atom,  to  yield  a  carbon-nitrogen  double 
bond.  In  the  case  of  the  aminyl  radical  formed  by  loss  of  N02  from  RDX,  this 
would  lead  to  the  same  unsaturated  compound  (MUX)  described  above  as  arising 
from  the  elimination  of  HN02 . 

In  an  earlier  paper,  Bowman,  Gillian,  and  Ingold  (1971)  reported  measured  rate 
constants  for  bimolecular  disappearance  of  the  nitroxide  radicals,  finding  values 
of  2xl04  to  7xl05  M'V1  in  going  from  the  nitroxide  of  dimethyl  amine  to  piperi¬ 
dine.  The  sterically-hindered  diisopropyl  amine  nitroxide  reacted  more  than 
three  orders  of  magnitude  slower. 
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Reactions  of  Aminyi  Radicals 

The  results  cited  above  suggest  that  it  is  reasonable  to  assume  that  photolysis  of 
RDX  proceeds  via  N-N  bond  scission,  forming  an  aminyi  radical  and  N02,  as  sug¬ 
gested  by  Oxley  et  al.  (1994)  and  others.  This  assumption  in  turn  suggests  that 
the  characteristics  of  aminyi  and  aminium  radicals  in  aqueous  solution  should  be 
further  investigated  for  clues  as  to  the  subsequent  degradation  steps  during 
RDX  photolysis.  Compilations  of  rate  constants  reported  for  these  radicals  are 
available  prior  to  1983  in  Ingold  and  Roberts  (1983).  Although  the  list  of  exam¬ 
ples  is  by  no  means  complete,  typical  values  can  be  summarized  as  follows. 

Self-reaction  — 


2  R2N'  — >  products ,  k  =  109  M  's  1  (107  if  branched  at  a  —  carbon) 


Unimolecular  decomposition  — 

R2N'  — »  products ,  k  =  0.01  -  0.1  s’1 
Hydrogen  abstraction  — 

X=N-  +HR->X=NH+R‘ ,  k=0.01-0.08s~\ 
where  X = [-(Me)2  CH(CH2 )3  Cti(Me)2  -] 

In  addition  to  these  typical  values,  a  specific  value  has  been  reported  for  the  re¬ 
action  of  piperidyl  radical  with  methanol  (3.8xl04  M  's'1). 

For  the  corresponding  aminium  (positive)  radicals,  self-reaction  was  two  to  four 
orders  of  magnitude  slower  than  that  of  the  aminyi  (neutral)  radicals  (due  to  re¬ 
pulsion  of  two  positive  charges),  while  unimolecular  decomposition  and  hydrogen 
abstraction  reactions  were  considerably  faster  (5-7xl03  and  l-4xl04  MV,  respec¬ 
tively).  Although  the  term  “unimolecular  decomposition”  was  used  in  the  refer¬ 
ence,  it  may  be  misleading,  since  the  reactions  were  carried  out  in  solution  and 
the  possibility  of  solvent  participation  cannot  be  ignored  (see  next  section).  The 
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bimolecular  reaction  is  thought  to  proceed  by  disproportionation,  which  was 
suggested  without  support  by  Chow  et  al.  (1979)  as  the  fate  of  the  aminyl  radical 
in  neutral  solution.  This,  however,  is  a  reasonable  assumption,  as  many  types  of 
free  radicals  are  known  to  disproportionate  in  bimolecular  reactions. 


Participation  of  NO  and  N02 

The  role  ascribed  to  NO  and  N02  in  the  nitramine  studies  cited  above  was 
largely  ignored  or  invoked  in  unspecified  steps  to  accomplish  nitration  or  justify 
product  distribution.  Credibility  of  this  mechanism  of  nitrosation  by  nitrogen 
oxides  in  aqueous  solution  was  hampered  by  the  belief  that  hydrolysis  of  N02  in 
water  was  too  rapid  to  permit  other  reactions,  and  would  therefore  fail  to  lead  to 
nitrosation  of  a  substrate  to  form  nitrosamines.  Direct  nitrosation  by  nitrous 
acid,  while  used  preparatively,  is  too  slow  to  explain  the  rapid  formation  of  ni¬ 
trosamines  during  RDX  photolysis  (Casado  et  al.  1984)  and  takes  place  at  pH 
much  lower  than  neutral.  Important  information  has,  however,  been  provided  by 
Challis  and  Kyrtopoulos  (1978;  1979),  who  showed  that  NO  produced  nitros¬ 
amines  from  secondary  amines  only  very  slowly  (half-life  of  8  days),  but  that  the 
introduction  of  air  into  the  same  system  resulted  in  immediate  (<1  minute)  pro¬ 
duction  of  the  corresponding  nitrosamines.  This  was  shown  to  be  due  to  the  oxi¬ 
dation  of  nitric  oxide  to  N02,  followed  by  formation  of  N203  and  N204,  which  rap¬ 
idly  nitrosated  the  secondary  amines,  despite  reports  that  N02  quickly  dis- 
proportionates  to  nitrate  and  nitrite  in  water  (average  valued  of  k=7xl07  M-1s l). 
These  authors  presented  evidence  that  nitrosation  occurs  considerably  faster 
than  hydrolysis.  Values  of  the  second-order  rate  constant  for  reaction  of  N203 
with  29  primary  and  secondary  amines  have  been  determined  by  Casado  et  al. 
(1983),  who  found  that  the  rate  constants  for  all  18  saturated  amines  studied 
fell  in  the  range  7.5xl07-3.1xl08  MV.  This  evidence  for  the  survival  of  the  N203 
and  N204  species  in  aqueous  solution  long  enough  to  nitrosate  secondary  amines 
is  key  information  in  the  search  for  a  mechanism  that  would  explain  the  present 
data,  since  it  makes  Chow’s  proposed  mechanism  (Figures  2  and  3)  even  more 
plausable.  The  information  presented  in  this  chapter  supplies  several  steps  that 
were  missing  from  previously  proposed  mechanisms  and  allows  the  postulation 
of  a  comprehensive  mechanistic  pathway  for  photolysis  of  RDX. 


*  The  changing  of  a  substance,  usually  by  simultaneous  oxidation  and  reduction,  into  two  or  more  dissimilar 
substances. 

t  Average  value  calculated  from  values  tabulated  in  Neta,  Huie,  and  Ross  1988. 
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3  Mechanism  and  Kinetics 


Formulation  of  the  Postulated  Mechanism  of  RDX  Photolysis 

The  primary  photochemical  step  in  RDX  photolysis  is  assumed  to  be  N-N  bond 
scission,  based  on  the  photochemical  work  of  Chow  and  coworkers,  discussed  in 
Chapter  2.  This  pathway  is  supported  by  the  results  of  Oxley  and  coworkers, 
who  also  postulated  this  reaction  and  the  loss  of  HN02  as  the  first  steps.  How¬ 
ever,  it  is  not  necessary  to  assume  a  parallel  primary  reaction  that  produces  the 
unsaturated  product  MUX,  as  this  product  can  be  reached  by  other  pathways. 
Similarly,  it  was  assumed  by  Oxley  that  MNX  is  formed  primarily  by  the  reaction 
of  aminyl  radical  with  NO,  a  radical-radical  reaction  that  would  be  expected  to 
be  fast  (i.e.,  large  value  for  the  rate  constant).  However,  the  initial  path  from 
N02  to  NO  was  not  specified  by  Oxley,  and  no  satisfactorily  direct  conversion 
pathway  has  been  found  in  the  present  study.  This  dilemma  is  solved  in  the  pre¬ 
sent  mechanism  by  assuming  that  nitrosamine  production  occurs  by  the  nitrosa- 
tion  of  the  corresponding  amine  by  N203  and  N204 ,  as  demonstrated  by  the  work 
of  Challis  and  coworkers,  discussed  in  Chapter  2.  This  is  consistent  with  the 
finding  of  the  presence  of  N204  by  Botcher  and  Wight  (1994)  and  accounts  for  N- 
scrambling  in  the  products  as  reported  by  Oxley  et  al.  (1992).  Production  of  NO 
indeed  may  occur  later  by  photolysis  of  the  nitroso  compound,  and  some  NO  may 
react  with  aminyl  radical  at  this  point,  to  regenerate  nitroso  compound,  but  this 
reaction  is  not  required  as  a  primary  pathway  to  nitroso  compound. 

The  proposed  pathway  network  for  RDX  photolysis  in  water  is  detailed  in  Figure 
4.  Capital  letters  given  in  parentheses  are  the  symbols  used  to  represent  those 
compounds  in  the  equations  used  for  the  kinetic  analysis,  which  follow.  Two  sets 
of  symbols  are  used  because  the  3-letter  acronyms  (e.g.,  MNX)  are  more  descrip¬ 
tive  in  the  text,  but  single-letter  shorthand  symbols  are  more  suitable  as  sub¬ 
scripts  in  equations. 

The  proposed  primary  photochemical  process  is  N-N  bond  scission  to  produce  a 
nitrogen-centered  aminyl  radical  R.  The  primary  pathway  to  nitroso  compounds 
is  by  hydrogen  atom  abstraction  by  the  aminyl  radical  to  form  the  corresponding 
amine  A.  This  amine  is  then  quickly  nitrosated  by  N203  and/or  N204,  giving  the 
mononitroso  RDX  derivative  MNX  (shorthand  symbol  M).  N204  (symbol  T)  is 
produced  by  the  dimerization  of  N02  (symbol  N),  which  is  in  competition  with  the 
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RDX 

(G) 


Figure  4.  Pathways  of  RDX  photolytic  degradation. 


rapid  bimolecular  hydrolysis  of  N02  to  form  nitrite  and  nitrate  ions.  The  nitroso 
compound  MNX  also  photolyzes  to  give  the  aminyl  radical  R  and  NO,  providing  a 
source  of  nitric  oxide  (NO,  symbol  C).  The  NO  thus  formed  can  quickly  react 
with  R  to  regenerate  some  of  the  photolyzed  MNX  (see  the  discussion  of  Chow’s 
work,  Chapter  2).  That  reaction,  however,  is  in  competition  with  the  reaction  of 
NO  with  oxygen  to  give  N02,  and  with  the  reaction  of  NO  with  N02  to  produce 
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N203.  Reaction  of  NO  with  oxygen  has  recently  been  studied  (Awad  and  Stan- 
bury  1993),  and  the  reaction  found  to  be  third  order: 

2  NO  +  02—>  2N02 
with  a  reaction  rate  constant  of  kCR=2xl06  M'2s'\ 

MNX  can  also  photolyze  by  losing  an  N02  group  (indicated  by  the  arrow  labeled 
with  kp  in  Figure  4),  which  can  lead  to  the  dinitroso  analog  of  RDX  (DNX) 
through  reaction  of  the  radical  thus  formed  with  NO,  and  presumably  by  reac¬ 
tion  of  the  amine  corresponding  to  MNX  with  N203  and  N204,  by  analogy  with 
RDX.  The  analogous  set  of  reactions,  applied  to  DNX  leads  to  TNX.  Thus,  MNX, 
DNX,  and  TNX  are  all  in  photo-equilibrium  with  their  respective  aminyl  radi¬ 
cals,  NO  and  N02 ,  and  therefore  with  each  other.  This  is  consistent  with  the  ob¬ 
servations  of  Hoffsommer  and  Glover  (1985)  that  the  nitroso  product  distribution 
appeared  to  reach  an  equilibrium  during  both  synthesis  and  thermolysis,  and 
those  of  Oxley  et  al.  (1994)  that  nitrosation  was  sequential.  As  the  parent  com¬ 
pound  RDX  is  consumed,  the  main  source  of  N02  disappears,  and  attrition  of  NO 
and  N02  through  competing  oxidative  and  hydrolytic  pathways  depletes  the  ni- 
trosating  agents  N203  and  N204  ,  resulting  in  eventual  loss  of  the  nitroso  deriva¬ 
tives  through  the  competing  non-nitrosating  reaction  channels  for  R  (i.e.,  the  re¬ 
actions  that  lead  to  MUX  in  Figure  4). 

Aminyl  radical  R  is  converted  to  amine  A  by  H-atom  abstraction  from  a  suitable 
donor  (D  in  Figure  4),  the  most  likely  of  which  is  formaldehyde  produced  in  high 
yield  as  a  byproduct  (see  Chapter  5).  This  reaction  produces  the  formyl  radical 
and  its  hydrate  dihydroxymethyl  radical,  which  are  both  strong  reducing  radi¬ 
cals,  whose  fate  is  discussed  below.  The  reaction  rate  constant  for  the  reaction  of 
the  aminyl  radical  from  piperidine  with  methanol  has  been  measured  (Chow 
1973)  to  be  3.8xl04  M  V1.  It  is  expected  that  reaction  with  formaldehyde  and  its 
hydrated  form  would  be  somewhat  faster,  by  comparison  of  the  hydroxyl  radical 
rates  of  reaction  with  methanol  and  formaldehyde.  Furthermore,  the  aminyl 
radical  from  RDX  is  more  electron  poor  than  that  from  piperidine,  which  should 
result  in  an  even  higher  reaction  rate  for  the  aminyl  radical  from  RDX.  It  should 
be  noted  that  in  nonaqueous  solvents,  the  solvent  could  serve  as  the  H-atom  do¬ 
nor  D,  leading  to  a  higher  formation  rate  of  donor  radical  S. 

Disproportionation  of  the  aminyl  radical  is  expected  to  be  fast,  and  would  also 
lead  to  the  formation  of  A  in  50  percent  yield  based  on  R,  the  other  half  forming 
unsaturated  derivative  MUX.  This  provides  one  pathway  for  MUX  production 
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that  does  not  directly  involve  RDX.  This  pathway  requires  relatively  high  radical 
concentrations  in  order  to  be  important,  since  it  is  bimolecular  in  aminyl  radical. 

A  third  pathway  that  was  considered  for  amine  formation  is  electron  transfer 
from  nitrite  ion  to  the  aminyl  radical,  followed  by  protonation.  Nitrite  is  also 
formed  as  a  reaction  by-product  in  relatively  high  yield  (see  Chapter  5  results). 
No  precedent  for  this  reaction  was  found  in  the  literature,  and  since  it  was  de¬ 
termined  during  the  modeling  phase  of  the  project  (discussed  on  p  29)  that  this 
reaction  contributed  nothing  to  the  modeling  results  that  could  not  be  accom¬ 
plished  through  other  pathways,  it  was  dropped  from  consideration  during  mod¬ 
eling. 

Other  degradation  pathways  to  aminyl  radical,  which  do  not  lead  to  formation  of 
amine  A,  are  available.  Reaction  with  oxygen  to  form  an  N-peroxyl  radical  could 
lead  to  either  a  nitroxide  or  MUX,  depending  on  whether  reaction  of  the  peroxyl 
radical  with  another  aminyl  radical  or  peroxyl  radical  was  faster  than  H02 
elimination  from  the  N-peroxyl  radical.  Rearrangement  of  an  aminyl  radical  to  a 
carbon-centered  radical  (by  transfer  of  an  H-atom  from  the  alpha  carbon  to  the 
nitrogen  atom  of  R)  has  been  invoked  to  explain  the  reaction  pathways  of  ali¬ 
phatic  amines  with  hydroxyl  radical.  The  carbon-centered  radical  would  be  ex¬ 
pected  to  add  oxygen  at  almost  diffusion-controlled  rates,  forming  a  peroxyl  radi¬ 
cal  that  would  rapidly  eliminate  H02  (see  discussion  of  von  Sonntag’s  work, 
Chapter  2)  to  give  MUX.  Thus,  two  more  pathways  that  do  not  directly  involve 
RDX  are  available  for  MUX  formation. 

A  second  pathway  for  RDX  consumption  was  investigated,  in  which  reducing  do¬ 
nor  radical  S  reacts  with  the  nitro  group  of  RDX,  reducing  it  to  the  radical  anion 
(Q  in  Figure  4).  This  process  has  been  shown  (Asmus,  Mockel,  and  Henglein 
1973)  to  result  in  the  reduction  of  nitrobenzene  to  nitrosobenzene  and  was  the 
first  step  in  the  reductive  treatment  of  2,4-dinitrotoluene  (DNT)  in  oxidizing  me¬ 
dia  reported  by  Peyton  et  al.  (1995).  The  radical  anion  protonates,  then  dispro- 
portionates  to  give  back  one  molecule  of  the  original  nitro  compound  and  one 
molecule  of  nitroso  derivative. 

yno2  +  s-  ->  yno2~’  +  S+ 

YN02~‘  +H+  -+YN{0H)0' 

2  YN(0H)0"  YN(OH)2  +  YN02 


YN(0H)2->YN0+H20 
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In  these  equations  YNO^'  =  Q  from  Figure  4.  The  intermediate  steps  shown 

above  are  omitted  in  Figure  4  for  simplicity,  since  they  do  not  affect  the  rest  of 
the  reaction  system. 

It  has  recently  been  shown  in  this  laboratory  that  RDX  can  be  quantitatively  re¬ 
duced  to  the  nitrosamine  by  the  reducing  1-hydroxyethyl  radical  with  rate  con¬ 
stant  1.2xl07  M'V  (Peyton  et  al.,  unpublished  data).  This  reaction  probably  pro¬ 
ceeds  by  a  pathway  analogous  to  that  shown  above  for  nitrobenzenes,  through 
the  intermediate  radical  anion  Q,  which  disproportionates  to  give  MNX  and 
RDX.  For  this  reason,  the  reductive  pathway  through  Q  to  MNX  was  also  con¬ 
sidered  in  this  study. 

Thus,  the  mechanism  constructed  from  the  sum  of  known  reactions  provides  two 
main  pathways  to  MNX:  dissociation  of  the  N-N  bond  and  direct  reduction  of 
RDX  by  a  reducing  radical.  It  is  interesting  that  this  reaction  network  also  pro¬ 
vides  multiple  pathways  to  the  unsaturated  compound  MUX  in  addition  to  the 
possibility  of  any  “direct”  elimination  of  HN02,  which  is  the  pathway  that  has 
typically  been  considered  in  the  RDX  thermolysis/photolysis  literature  to  pro¬ 
duce  the  unsaturated  compound. 

The  first  stable  by-product,  MNX,  must  undergo  an  additional  photolysis  reac¬ 
tion  in  order  to  produce  DNX  by  the  mechanism  described.  This  reaction,  which 
is  analogous  to  the  initiation  reaction  by  RDX  to  produce  R,  would  give  a  nitro¬ 
gen-centered  triazine  radical  containing  one  nitro  and  one  nitroso  group.  Its 
production  is  indicated  in  Figure  4  as  the  arrow  with  the  rate  constant  kp  leading 
to  radical  R2.  It  is  reasonable  to  expect  that  this  new  aminyl  radical  also  under¬ 
goes  a  system  of  reactions  analogous  to  those  shown  in  Figure  4,  and  it  follows 
that  those  from  DNX  and  TNX  would  as  well.  Furthermore,  the  unsaturated 
products  MUX  and  DUX  (if  the  latter  is  formed)  would  also  be  expected  to  pho- 
tolyze,  forming  intermediates  that  contained  both  nitroso  groups  and  unsatura¬ 
tion.  The  unsaturated  compounds  formed  in  these  series  of  products  would  also 
be  expected  to  hydrolyze,  by  analogy  with  both  less  unsaturated  (MUX)  and 
more  unsaturated  imine  (containing  a  “-N=CH-”  functionality)  compounds  such 
as  TUX  (triazine).  Triazine  has  been  reported  to  hydrolyze  rapidly  in  water,  go¬ 
ing  from  10  percent  aqueous  solution  to  nondetectable  in  10  min,  and  forming 
inorganic  salts  such  as  ammonium  formate  (Smolin  and  Rapaport  1959).  The 
result  of  these  mechanistic  “crossovers”  between  the  nitroso  channel  and  the  un¬ 
saturated  channel  is  the  possibility  of  nine  by-products  that  incorporate  combi¬ 
nations  of  nitrosation  and  unsaturation.  This  situation  is  represented  in  Figure 
5,  where  NUX  contains  one  unsaturation  and  one  nitroso  group,  UUN  contains 
one  nitroso  group  and  two  unsaturations,  and  UNN  contains  two  nitroso  groups 
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and  one  unsaturation.  As  stated  before,  since  MUX  and  triazine  are  hydrolyti¬ 
cally  unstable,  it  is  reasonable  to  assume  that  all  compounds  to  the  left  of  the 
dashed  line  in  Figure  5  are  hydrolytically  unstable  as  well,  implying  a  great 
number  of  smaller  molecular  by-products.  The  fact  that  nitrite  and  formalde¬ 
hyde  quickly  appear  as  by-products  during  RDX  photolysis  in  aqueous  solution 
(see  Chapter  5  results)  implies  that,  beyond  a  certain  point,  by-products  “unzip” 
to  the  final  by-products  rather  easily.  The  fact  that  formaldehyde  is  observed, 
rather  than  formic  acid,  may  indicate  that  triazine  is  probably  not  formed,  but 
that  result  must  be  qualified  somewhat  (see  Chapter  5  results).  Under  these 
conditions,  identification  of  the  unstable  products  for  the  purpose  of  verifying  a 
mechanism  would  be  quite  difficult. 
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Figure  5.  Mechanistic  crossovers  between  nitroso  and  unsaturated  by-products. 
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Development  of  the  Kinetic  Model 
Defining  the  System  To  Be  Modeled 

The  full  degradation  path  network  that  describes  the  formation  of  the  triazine 
by-products  shown  in  Figure  5,  as  well  as  the  small  intermediate  molecules  re¬ 
sulting  from  hydrolysis  of  those  by-products,  is  not  complete  at  this  time,  but 
even  if  it  were,  the  system  would  be  too  large  and  complicated  for  kinetic  mod¬ 
eling.  For  this  reason,  a  subsystem  of  the  mechanism  must  be  selected  and  used 
to  support  or  refute  the  general  characteristics  of  the  mechanism,  before  model¬ 
ing  the  larger  system  can  be  attempted.  Even  the  entire  pathway  network  that 
is  described  in  Figure  4  is  unsuitable  for  modeling,  because  no  stable  products 
have  been  identified  for  the  left-hand  side  of  the  mechanism  (MUX-related 
pathways).  One  of  the  products  that  was  detected  was  tentatively  assigned  the 
structure  of  MUX  (see  Chapter  5  results),  on  the  basis  of  comparison  of  its  hy¬ 
drolytic  lifetime  in  solution  with  that  from  Hoffsommer,  Kubose,  and  Glover 
(1977),  as  well  as  the  fact  that  several  other  investigators  have  reported  its  iden¬ 
tification.  The  reactions  proposed  to  lead  to  MUX  are  all  known  reaction  types 
in  the  literature.  However,  except  for  triazine,  no  authentic  standards  are  avail¬ 
able  for  the  proposed  unsaturated  products  in  Figure  5,  and  without  quantitative 
data  on  the  unsaturated  derivatives,  it  is  pointless  to  try  to  quantitatively  model 
the  left-hand  side  of  the  mechanism.  In  view  of  the  evidence  that  will  be  pre¬ 
sented  for  the  facile  hydrolysis  of  these  intermediates,  it  is  probably  sufficient  to 
state  (on  the  basis  of  prior  work  on  MUX  and  triazine)  that  unsaturated  tri- 
azines  are  unstable  and  decompose  to  small  molecules.  The  accumulation  of  a 
high  yield  of  formaldehyde  (see  Chapter  5  results)  supports  that  conclusion. 

The  initial  kinetic  investigation  was  therefore  limited  to  the  portion  of  the 
mechanism  that  involves  the  formation  and  destruction  of  the  first  observable 
stable  product,  MNX,  shown  in  the  right-hand  side  of  Figure  4.  Not  only  were 
the  nitroso  MNX,  DNX,  and  TNX  observed  to  be  quite  stable  for  days  voider  labo¬ 
ratory  conditions,  but  they  are  also  of  toxicological  importance.  In  addition,  the 
elusiveness  of  a  satisfactory  mechanism  in  past  studies  makes  it  of  interest  to 
determine  whether  the  recently  discovered  pathways  involving  reducing  radicals 
play  a  previously  unrecognized  role  in  the  formation  of  the  nitroso  derivatives. 
Finally,  intermediate  products  involved  in  the  nitroso  branch  of  the  degradation 
network  are  quantifiable,  permitting  modeling  to  support  proposed  mechanisms 
and  investigate  the  effect  of  oxygen  on  the  reaction  pathways.  Successful  mod¬ 
eling  of  this  subsystem  could  lay  the  groundwork  for  the  extension  of  the  central 
mechanism  developed  for  the  MNX  subsystem  to  DNX  and  TNX  as  well.  It  can 
also  provide  information  on  the  input  to  the  MUX  channel  of  the  mechanism,  for 
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use  in  modeling  that  channel  as  more  information  on  products  becomes  avail¬ 
able. 

Several  steps  in  the  right-hand  side  (MNX  channel)  of  Figure  4  are  postulated 
from  similar  types  of  known  reactions  for  other  compounds,  but  have  not  yet 
been  observed  for  the  specific  reactants  shown  in  Figure  4;  therefore,  rate  con¬ 
stants  for  these  steps  have  not  been  measured  and  reported.  This  means  that 
modeling  the  mechanism  requires  estimating  or  measuring  unknown  rate  con¬ 
stants  and/or  using  them  as  variational  parameters  in  a  fit  of  the  kinetic  equa¬ 
tions  to  experimental  data.  This  modeling  must  be  done  with  caution  since,  in 
models  with  a  large  number  of  fitting  parameters,  it  is  often  easy  to  obtain  a  fit 
that  appears  to  describe  the  data,  but  in  reality  has  no  relationship  to  the  actual 
mechanism. 

Derivation  of  the  Rate  Equations 

The  first  step  in  modeling  the  MNX  subsystem  was  to  derive  the  system  of  rate 
equations  from  the  mechanistic  model.  In  the  kinetic  modeling  of  the  MNX  sub¬ 
system,  only  two  pathways  for  RDX  destruction  were  explicitly  described:  direct 
photolysis  to  produce  N02  and  an  aminyl  radical,  and  reduction  of  RDX  by  the 
reducing  radical  S.  The  fraction  of  photolyzed  RDX  that  led  to  aminyl  radical 
was  designated  fi;  implying  that  fraction  1-fj  could  lead  to  other  pathways  that 
did  not  involve  aminyl  radical  or  MNX  (such  as  elimination  of  HN02  to  yield 
MUX),  with  fj  to  be  used  as  a  parameter.  The  species  central  to  the  reaction 
network  is  the  aminyl  radical  R,  which  can  decay  by  six  different  pathways  (Fig¬ 
ure  4),  three  of  which  take  it  out  of  the  subsystem  involving  MNX  (rearrange¬ 
ment,  reaction  with  oxygen,  and  the  half  of  the  disproportionation  channel  that 
leads  to  MUX).  Differential  rate  equations  were  written  for  the  twelve  species 
included  in  the  original  model  (RDX,  MNX,  Q,  A=amine,  B=N02 ,  C=NO,  N=N02, 
T=N204,  E=N203,  D=H-atom  donor,  S=donor  radical,  and  R=aminyl  radical). 

Reactions  considered  and  initial  values  of  the  rate  constants  used  are  shown  in 
Table  1.  When  seemingly  reliable  values  of  the  rate  constants  for  a  particular 
reaction  were  available,  those  values  were  used.  When  all  that  was  available 
was  a  rate  constant  for  a  similar  reaction,  a  range  of  values  one  or  two  orders  of 
magnitude  on  either  side  of  the  sample  rate  constant  was  considered.  In  cases 
where  no  sample  value  was  available,  a  best  guess  was  made  and  the  sensitivity 
of  the  system  to  that  value  was  tested.  Table  1  lists  the  references  cited  for  val¬ 
ues  of  rate  constants  or  sample  rate  constants,  and/or  the  method  used  to  arrive 
at  the  initial  value.  Equations  were  constructed  in  the  usual  manner,  with  a 
unimolecular  reaction  contributing  a  first-order  term  to  the  rate  equation  of  all 
species  involved,  bimolecular  reactions  contributing  a  second-order  term,  etc. 
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Table  1.  Equations  and  rate  constants  used  in  the  kinetic  modeling  of  RDX  photolysis. 


Reaction 

Value 

Reference,  fnotesi 

RDX-f v,*‘  >R  +  N02 

1.3x1  O'3  5"' 

(a) 

RDX  +  S  — ^ . >  Q  +  product 

1. 0x1 06  M'V 

(b) 

R  +  R- >A  +  MUX 

1.0x1 09M~'s~l 

(c)‘ 

R  +  Donor  kv  >  A  +  S 

1.0x10 5  M'V1 

(d) 

R  +  02  >R02 

8.0x1 03  JIT's-1 

(e) 

R - >  carbon  radical 

1.0s-1 

(f) 

R  +  NO—v  >MNX 

l.OxlO9  M~xs~x 

(c) 

S  +  02  — >  peroxyl  radical 

2.0x10 9  M~' s'1 

(c) 

A  +  N203  -  *«  >MNX  +  N02 

1.0x10  ’M'V 

(g) 

A  +  N2Oa  — >  MNX  +  N02 

5.0x10*  JIT's-1 

(g) 

no2  +no2-  k»  >n2o4 

4.5x10*  JIT's-1 

(h) 

NO  +  NO 2  — Sa  >  N2  03 

1.  lxl  09  JIT's-1 

(i) 

2N02  +  H20—^N02~  +  NOs 

~+2  H+  7.0x10 7  JIT's-1 

1  (D 

2NO  +  02  — >2 N02 

2.0x1 06  JIT's-1 

(k) 

MNX  — — ’*w  >R  +  NO 

1.0xl0-3s-1 

(1) 

MNX — >  R'+N02 

1.5xl0-3s-1 

(1) 

Notes: 


(a)  Measured  experimentally  in  this  laboratory,  (b)  Estimated  from  measured  value  of  1.0x1 07  M'1  s’  for 
RDX  +  1-hydroxyethyl  radical,  (c)  Estimated,  based  on  typical  aminyl  radical-radical  reactions,  (d)  Es¬ 
timated,  based  on  comparison  with  k,^^^  =3.8x1 04  MV.  (e)  Value  estimated  from  literature  to  be 
approximately  10  <kRX  <10*  M 1  s1.  Value  of  8.0x10"  arrived  at  by  fitting  oxygen  dependence  data,  (f) 
Value  unknown.  Present  value  obtained  by  fit.  (g)  Values  for  similar  reaction  of  18  amines  were  found 
to  be  in  the  range  7.5x1 07 to  3.1x10".  Listed  value  obtained  by  fit.  (h)  Graetzel  et  al.  1969.  (i)  Graetzel, 
Taniguchi,  and  Henglein  1970.  (j)  Average  of  first  three  values  listed  in  Neta,  Huie,  and  Ross  1988.  (k) 
Awad  and  Stanbury  1993.  (I)  Estimated  to  be  similar  to  k,.  Listed  value  obtained  by  fit. 
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Simplification  of  the  Rate  Equation  Set  To  Produce  Analytical  Equations 

The  first  attempt  to  model  the  MNX  subsystem  was  the  simplification  of  the  rate 
equations,  with  the  goal  of  obtaining  analytical  expressions  to  be  used  in  data 
analysis.  The  steady-state  approximation  was  invoked  for  radicals  R,  S,  C,  N, 
and  Q,  and  for  the  veiy  reactive  species  N204  (T)  and  N203  (E).  Their  rate  equa¬ 
tions  were  solved  and  the  resulting  expression  for  each  species  consecutively 
substituted  into  the  other  equations  to  eliminate  those  variables  from  the  re¬ 
maining  equations  for  RDX  (G),  MUX  (M),  and  amine  (A).  Since  the  amine  (A) 
has  not  been  identified  among  the  products,  and  no  known  authentic  standard  is 
available,  the  behavior  of  A  cannot  be  verified;  therefore,  no  valid  estimate  of  the 
amine  concentration  could  be  made.  For  the  other  species,  however,  estimates  of 
the  concentrations  can  be  made,  and  were  used  to  eliminate  insignificant  terms 
from  the  rate  equations.  The  only  place  that  the  amine  concentration  A  ap¬ 
peared  in  the  resulting  equations  was  in  the  expression  for  the  fraction  of  nitro¬ 
gen  tetroxide  (N204  =  T)  captured  by  A: 

f  —  _krA_A 

JAT  krAA+kr 


This  fraction  was  therefore  considered  as  a  parameter. 

Similarly,  although  nitrite  data  were  collected  in  some  experiments,  the  rate 
constant  k^  for  reaction  of  radical  R  with  nitrite  is  not  known,  so  f^,  the  fraction 
of  R  radical  reacting  with  nitrite,  cannot  be  evaluated  with  certainty.  Finally, 
reaction  of  C  (NO,  nitric  oxide)  with  radical  R  is  said  to  be  very  fast,  but  the  rate 
constant  for  rearrangement  of  radical  R  to  the  carbon-centered  radical  may  also 
be  fast,  and  neither  rate  constant  is  known.  Therefore,  fCR  is  also  unknown. 

Numerical  Integration  of  the  Rate  Equations 

Analytical  solution  of  the  rate  equations  is  preferable  to  numerical  integration 
because,  during  analytical  solution,  constants  often  group  in  clusters  that  recur 
in  various  equations,  indicating  that  the  cluster  has  special  significance,  and 
providing  insight  into  the  workings  of  the  mechanism.  Often,  however,  analyti¬ 
cal  solution  is  not  feasible,  or  leads  to  results  that  cannot  be  evaluated  because  of 
lack  of  rate  constant  or  concentration  data.  In  these  instances,  commercial  soft¬ 
ware  for  the  solution  of  differential  equations  is  used  to  integrate  the  set  of  si¬ 
multaneous  equations.  Although  this  method  provides  less  mechanistic  informa¬ 
tion  than  an  analytical  solution,  it  does  provide  concentration  data  from  which 
the  amount  of  reaction  going  through  various  channels  can  be  calculated.  The 
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solver  must  be  capable  of  handling  “stiff”  differential  equations,  but  most  of  the 
solvers  currently  on  the  market  have  that  capability.  The  software  Scientist™ 
by  MicroMath®  was  used  in  this  study. 
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4  Experimental  Methods 

Materials  and  Apparatus 

Photochemical  Reactor  Systems 
Small  stirred-tank  reactor. 

A  continuously  stirred  tank  reactor  (CSTR)  that  required  an  initial  solution  vol¬ 
ume  of  1  L  was  used  for  experiments  in  which  the  use  of  larger  solution  volumes 
was  desirable.  The  reactor  consisted  of  a  borosilicate  resin  kettle  with  a  liquid 
volume  of  1.1  L.  The  bps  of  the  vessel  and  the  accompanying  cover  were  flanged 
and  finely  ground  for  a  tight  seal.  The  cover  provided  four  ports  through  24/40 
standard  taper  joints.  A  wooden  collar,  which  had  eight  evenly  spaced  holes 
drilled  into  it,  was  placed  over  the  upper  side  of  the  flanged  lip  of  the  cover  and 
was  secured  by  the  use  of  bolts  and  wing  nuts  to  a  matching  wooden  collar 
placed  on  the  lower  side  of  the  flanged  lip  of  the  kettle.  Use  of  a  silicone  rubber 
gasket  between  the  glass  flanges,  along  with  the  collar  system,  provided  an  air¬ 
tight  closure  for  the  kettle. 

The  center  joint  of  the  cover  held  a  stirring  gland  that  accommodated  a  glass 
shaft  to  which  a  teflon  stirring  paddle  was  attached.  A  Cole  Parmer  variable- 
speed  lab  mixer  powered  the  stir  paddle  with  the  stirring  rate  governed  by  a 
Cole  Parmer  Stir-Pak  Solid  State  Controller.  Two  of  the  exterior  openings  con¬ 
tained  the  quartz  lamp  wells  for  the  UV  lamps.  The  remaining  opening  was  fit¬ 
ted  with  a  four-way  glass  connecting  tube  which  provided  three  outer  joints  as 
access  for  sampling  and  the  introduction  of  a  gas  diffusion  tube.  One  side  arm  of 
this  connecting  tube  ended  with  a  24/40  standard  taper  outer  joint.  The  major 
arm  of  the  four-way  connector  ended  in  twin  angled  joints  (Ace-Thred,  24/25 
joint),  each  of  which  was  threaded  to  accommodate  a  nylon  bushing  and  viton  o- 
ring  packing  around  1/8-in.  polytetrafluoroethylene  (PTFE)  tubing  entering  and 
leaving  the  reactor. 

The  UV  lamps  were  Analamp  low-pressure  mercury  lamps  (Model  #  81-1057-01) 
purchased  from  BHK,  Inc.  The  majority  of  the  emission  (i.e.,  95-97  percent)  was 
at  253.7  nm.  The  photon  dose  rate  into  1  L  of  solution  in  the  reactor  system  just 
described  was  determined  by  chemical  actinometry  to  be  100.6  p  M  photons/ 
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minute  ( (J.  E/L-min)  when  two  lamps  were  used.  Hydrogen  peroxide  was  used  as 
the  actinometer. 

Miniature  photolysis  system. 

For  photolysis  experiments  that  required  a  volume  of  reactants  of  less  than  50 
mL,  an  additional  reactor  system  was  used.  It  consisted  of  a  graduated  cylinder 
that  was  25  mm  in  diameter  and  240  mm  in  height.  The  quartz  lamp  well  was 
inserted  into  the  cylinder  and  secured  with  a  clamp.  Mixing  was  achieved  by 
using  a  magnetic  stir  bar.  If  required,  the  contents  of  the  cylinder  were  sparged 
with  oxygen  or  nitrogen.  The  sparge  gas  was  introduced  through  a  9-in.  Pasteur 
pipette,  which  had  been  inserted  between  the  quartz  lamp  well  and  the  interior 
wall  of  the  cylinder  and  which  extended  to  within  2  cm  of  the  liquid  surface  in 
the  reactor. 

Chemicals,  Reagents,  and  Standards 

All  chemicals  were  reagent  grade  or  the  best  grade  available  and  were  used 
without  further  purification.  Deionized  water  treated  by  a  Bamstead  Nanopure® 
purification  system  (consisting  of  one  pretreatment,  one  organics  removal,  and 
two  ion  exchange  cartridges)  was  used  in  all  experiments  and  reagent  prepara¬ 
tions,  except  where  noted.  For  analyses  of  the  short-chained  organic  acids  using 
HPLC  and  UV  detection  at  210  nm,  reagent  grade  water  was  used. 

Experimental  Methods  and  Procedures 
Analytical  Methods 

HPLC  ordnance  screening  method. 

The  ordnance  screening  analysis  used  in  this  laboratory  was  an  adaptation  of 
U.S.  Environmental  Protection  Agency  (EPA)  Method  8330.  It  consisted  of  an 
isocratic  separation  using  a  mobile  phase  of  methanol  and  water  (40:60,  v:v)  at  a 
flow  rate  of  1  mL/min.  The  analytical  column  was  a  Supelco  LC-18,  which  was 
preceded  by  a  C18  guard  column.  Detection  of  analytes  was  accomplished  by 
monitoring  UV  absorbance  at  254  nm. 

Ordnance  compound  method  adaptations  for  kinetic  studies. ' 

Kinetic  experiments  required  conditions  with  a  minimum  time  for  each  analysis. 
Consequently,  the  organic  content  of  the  mobile  phase  was  increased  to  60  per- 
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cent  with  water  comprising  the  remaining  40  percent.  These  isocratic  conditions 
shortened  the  time  of  analysis  for  DNT  from  30  min  to  10  min. 

Fractionation  of  RDX  and  its  by-products  (separation  of  nitroso  compounds). 

A  different  mobile  phase  was  necessary  to  ensure  baseline  resolution  of  RDX  and 
the  three  major  photolytic  by-products.  The  two  mobile  phase  components,  A 
and  B,  were  introduced  at  a  ratio  of  80:20.  Component  A  was  degassed,  nanopure 
water  and  component  B  wets  a  mixture  of  equal  volumes  of  methanol  and  water. 
Flow  was  maintained  at  1.0  mL/min.  Remaining  parameters  were  identical  to 
those  used  with  the  ordnance  screening  method. 

Carbonyl  analysis  by  DNPH  derivatization. 

Carbonyl  compounds,  formed  as  treatment  products,  were  determined  by  conver¬ 
sion  of  the  aldehyde  or  ketone  to  the  corresponding  hydrazone  by  derivatization 
with  2,4-dinitrophenylhydrazine  (DNPH).  This  procedure  required  the  addition 
of  acidic  DNPH  to  the  aqueous  sample,  followed  by  an  18-hr  holding  time  during 
which  the  derivatization  occurred.  Reagents  and  sample  were  sparged  with  ni¬ 
trogen  to  prevent  side  reactions.  An  equal  volume  of  methanol  was  subsequently 
added  to  the  sample  to  prevent  peak  splitting,  bringing  the  organic  content  of  the 
matrix  up  to  a  minimum  of  50  percent.  The  HPLC  analytical  system  consisted  of 
a  Supelco  LC-18  analytical  column  fitted  with  a  C18  guard  column.  Separation 
of  the  carbonyl  components  was  achieved  with  an  isocratic  methanol/water 
(60/40,  V/V)  mobile  phase  and  detection  was  at  360  nm. 

Inorganic  analytes. 

The  nitrate  (N03),  nitrite  (N02  ),  and  ammonium  (NH/)  analyses  were  performed 
on  a  Dionex  200i/SP  ion  chromatograph.  Dissolved  oxygen  (DO)  was  measured 
in  situ  by  using  an  Orion  Model  820  DO  meter  manufactured  by  Orion  Research 
Incorporated,  Boston,  MA,  with  automatic  atmospheric  pressure,  temperature, 
and  salinity  corrections.  The  measurement  of  DO  in  the  CSTR  was  made  on  a 
stream  recirculated  by  a  small  pump  through  a  cell  in  which  the  electrode  was 
sealed. 

Surrogate  methods. 

Solution  pH  was  measured  using  a  Beckman  o-21  pH  meter  with  temperature 
compensation,  with  a  two-point  calibration  against  commercial  standard  buffers. 
All  solutions  were  magnetically  stirred  during  pH  measurement.  Ultraviolet  ab¬ 
sorbance  at  254  nm  was  measured  using  an  LKB  model  4050  UV/VTS  spectro- 
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photometer.  Absorbance  at  this  wavelength  was  of  interest  primarily  because  of 
the  effect  of  competition  of  the  solution  components  for  254  nm  photons  during 
photolytic  studies. 

Experiments  Using  Ordnance  Compounds  -  Photolysis 

Aqueous  solutions  of  RDX  were  typically  made  up  the  day  before  an  experiment 
and  allowed  to  stir  overnight  in  a  foil  covered  flask.  The  solution  was  trans¬ 
ferred  to  the  reactor  prior  to  the  experiment  and  sparged  with  either  oxygen  or 
nitrogen  if  a  certain  DO  concentration  was  required.  DO  measurements  were 
made  in  situ  but  discrete  samples  were  required  for  all  remaining  analyses.  In 
the  small  stirred-tank  reactor,  a  syringe  was  used  to  aspirate  a  volume  through  a 
1/8-in.  PTFE  line,  which  had  been  inserted  through  one  of  the  twin  angled  joints 
(24/25  Standard  Taper  joint)  of  the  glass  cover.  Experiments  in  organic  solvents 
were  conducted  in  either  a  clear,  40  mL  vial  or  a  100  mL  graduated  cylinder  with 
the  RDX  solution  made  immediately  prior  to  use.  Samples  were  removed  by  as¬ 
piration  using  a  Pasteur  pipette  while  a  teflon-coated  stir  bar  provided  mixing. 
If  the  conditions  of  the  experiment  required  control  of  the  DO,  a  sparge  gas  was 
introduced  through  a  Pasteur  pipette.  Analyses  were  performed  using  the  ana¬ 
lytical  methods  described  beginning  on  p  35. 
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5  Results  and  Discussion 


Product  Yield  Diagrams 


Description 

A  useful  tool  in  interpreting  the  experimental  data  is  the  calculation  of  the  cu¬ 
mulative  yield  of  a  product  as  the  reaction  proceeds,  defined  as: 


product  yield  = 


product  formed 
RDX  consumed 


where  product  and  RDX  are  expressed  in  molar  units.  Normalizing  by-product 
formation  to  the  amount  of  RDX  consumption  can  provide  information  about  re¬ 
action  stoichiometry  and  mass  balance.  It  also  allows  easy  comparison  of  ex¬ 
periments,  even  if  the  RDX  photolysis  rates  vary  slightly  from  day  to  day.  The 
product  yield  was  calculated  using  the  experimental  data  from  photolysis  ex¬ 
periments,  and  plotted  versus  the  extent  of  RDX  conversion  (i.e.,  the  fraction  of 
RDX  consumed  [0  to  1])  to  give  an  overall  picture  of  the  product  behavior  during 
the  reaction.  All  yield  diagrams  are  undefined  at  zero  RDX  conversion.  How¬ 
ever,  in  principle,  if  the  yield  extrapolates  to  a  nonzero  value  at  low  RDX  conver¬ 
sions,  it  is  implied  that  either  all  substances  required  to  produce  the  product  are 
present  initially,  or  they  are  produced  and  react  very  quickly  as  the  reaction  pro¬ 
ceeds.  Under  these  conditions,  information  on  stoichiometry  or  branching  ratios 
of  early  steps  can  be  obtained.  If,  on  the  other  hand,  the  yield  increases  with 
conversion  and  extrapolates  back  to  zero  at  very  low  RDX  conversions,  it  implies 
that  a  necessary  component  must  accumulate  before  product  formation  can  oc¬ 
cur,  and  that  reaction  with  the  produced  intermediate  is  slower. 


Interpretational  difficulties  for  the  yield  values  can  be  encountered  in  practice, 
however,  due  to  problems  associated  with  analytical  precision  in  the  early  stages 
of  reaction,  since  the  calculated  value  of  RDX  consumed  (AR)  can  be  a  small  dif¬ 
ference  between  the  relatively  large  initial  RDX  concentration  and  the  concen¬ 
tration  of  RDX  remaining  at  small  time  t.  The  amount  of  uncertainty  in  the 
value  of  AR  can  be  comparable  to  or  larger  than  the  amount  of  product  formed, 
and  erratic  calculated  values  of  the  yield  can  result  from  a  small  amount  of  data 
scatter  early  in  the  experiment.  Similarly,  an  artifact  can  arise  from,  for  exam- 
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pie,  the  inadvertent  appearance  of  a  small  constant  peak  in  the  HPLC  or  GC 
chromatogram  that  is  buried  under  the  product  peak.  Such  an  artifact  can  cause 
a  significant  apparent  increase  in  the  product  yield  early  in  the  reaction,  which 
would  decrease  rapidly  as  the  product  peak  grew.  Figure  6  shows  a  hypothetical 
example  that  compares  the  calculated  yield  diagrams  for  a  product  formed  in 
constant  14  percent  yield  from  the  parent  compound,  with  and  without  an  impu¬ 
rity  in  the  product  peak,  corresponding  to  0.5  percent  of  the  parent  compound. 
The  artifact  causes  a  very  high  apparent  yield  early  in  the  reaction,  which  drops 
off  rapidly  as  the  amount  of  product  increases  and  the  amount  contributed  by  the 
impurity  decreases  in  significance.  A  similar  effect  could  be  caused  by  a  nonline¬ 
arity  or  a  positive  nonzero  intercept  in  the  concentration-response  curve  for  the 
analyte,  due  to  nonideal  integration  of  the  analyte  peak.  Despite  these  inherent 
difficulties,  if  interpreted  with  care,  yield  diagrams  can  provide  important  infor¬ 
mation  about  reaction  pathways. 
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extent  of  parent  compound  conversion 


Figure  6.  Effect  of  0.5%  impurity  in  chromatogram  peak  on  calculated  product  yield. 


MNX  Yield  Diagrams 

MNX  yield  diagrams  for  two  aqueous  RDX  photolysis  experiments  are  shown  in 
Figure  7,  where  a  suspiciously  high  MNX  yield  is  seen  in  the  early  stage  of  con¬ 
version  for  the  nitrogen-sparged  experiment  (solid  triangles).  The  calculated 
yield  for  the  off-scale  point  in  that  experiment  was  approximately  1.  Similar 
plots  for  other  experiments  (not  shown)  gave  very  similar  curves,  except  for  the 
early  region,  where  the  increase  in  yield  at  low  extent  of  conversion  was  consid¬ 
erably  less  pronounced.  No  mechanism  could  be  found  that  would  explain  a 
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burst  of  MNX  production  at  the  beginning  of  the  experiment,  but  that  would 
then  “shut  off”  after  the  first  10  to  15  percent  of  RDX  conversion.  The  inconsis¬ 
tency  of  the  early  regions  for  the  two  curves,  coupled  with  the  similarity  of  the 
shape  of  the  data  plot  at  higher  extent  of  conversion,  is  consistent  with  the  exis¬ 
tence  of  artifacts  arising  from  the  precision  of  measuring  low  concentrations  of 
MNX,  and  of  subtracting  RDX  concentrations  from  [RDX]0  to  calculate  A  R  at  low 
RDX  conversions.  Further  evidence  for  this  conclusion  will  be  presented  during 
the  discussion  of  numerical  modeling. 


By-Product  Yield  Diagrams  -  Formaldehyde 

The  yields  of  formaldehyde  for  the  above  experiment  are  shown  in  Figure  8.  The 
formaldehyde  yield  of  2.8-3.0  shown  in  Figure  8,  when  added  to  the  carbon  pres¬ 
ent  in  the  nitroso  derivatives,  accounts  for  all  of  the  carbon  present  in  the  parent 
compound,  with  a  slight  excess.  The  excess  is  within  the  sum  of  the  experimen¬ 
tal  error  for  the  several  measurements  that  are  involved.  It  is  important  to  note 
that  the  analytical  method  for  formaldehyde  includes  a  derivatization  step  that 
involves  standing  overnight  in  an  acidic  solution  of  DNPH  (2,4-dinitrophenyl- 
hydrazine),  so  that  any  by-products  that  hydrolyze  to  formaldehyde  are  also  rep¬ 
resented  in  the  quantity  of  formaldehyde  reported.  Neither  RDX  nor  the  nitroso 
compounds  hydrolyze  under  these  conditions,  but  the  unsaturated  compounds 
may  be  expected  to  undergo  hydrolysis.  Furthermore,  due  to  the  acid  conditions 
during  derivatization,  nitrite  present  in  the  sample  is  converted  to  nitrous  acid. 
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extent  of  RDX  conversion 


Figure  8.  Formaldehyde  yield  under  oxygenated  (•)  and  deoxygenated  (▲)  conditions. 

which  can  further  react  with  amines  and  amides  (such  as  substituted  ureas)  in 
the  reagent  solution.  Nitrous  acid  reacts  with  primary  amines  to  form  di- 
azonium  salts,  which  decompose,  liberating  nitrogen  gas  and  a  carbonium  ion 
that  can  produce  various  organic  products  such  as  alcohols,  or  undergo  carbon- 
nitrogen  (C-N)  bond  cleavage  (Noller  1965).  This  reaction  is  sufficiently  quanti¬ 
tative  that  it  is  the  basis  for  some  analytical  methods  for  amines,  amino  acids, 
and  proteins.  Nitrous  acid  also  reacts  with  ureas  and  amides  (RCONHR’)  to  lib¬ 
erate  nitrogen. 

It  is  well  known  in  organic  chemistry  that  amines  and  carbonyl  compounds  form 
addition  compounds,  called  enamines: 

R-NH2+0  =  CR2'—r+R-N  =  CR2'  +H20 

It  is  interesting  to  note  that  the  unsaturated  derivatives  such  as  MUX  have  this 
C-N  double  bond  structure,  which  may  account  for  their  ease  of  hydrolysis  (ob¬ 
served  at  least  in  the  two  known  cases  of  MUX  and  triazine).  Hydrolysis  of  MUX 
would  lead  to  a  primary  amine,  which  would  then  be  susceptible  to  attack  by  ni¬ 
trous  acid  under  the  conditions  of  the  formaldehyde  analytical  method,  elimi¬ 
nating  N2  and  leaving  a  carbon-centered  functional  group  Such  as  the  alcohol 
shown  below,  or  C-N  bond  cleavage. 
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N°2  no2  no2 

fNv]|  Hz0  ,  r"N'CH=0  hnQ2|  |/N'CH=0 

_t.N  N  N  NH2  m 

°2n  02n  o2n'  vCH2OH 

It  is  interesting  that  the  product  of  this  reaction  is  the  same  as  that  which  is  ob¬ 
tained  by  applying  the  proposed  mechanism  of  Oxley  et  al.  to  RDX  (see  Nitra- 
mine  and  Nitrosamine  Photolysis/Thermolysis  Literature,  Chapter  2).  It 
is  possible  to  hypothesize  subsequent  degradation  steps  leading  completely  to 
small  molecules,  particularly  for  the  doubly  unsaturated  compound  DUX,  but 
without  positive  identification  of  by-products  other  than  MUX,  it  is  of  little 
value.  Isolation  and  identification  of  such  unstable  by-products  is  difficult  at 
best,  and  the  steps  that  occur  in  acidic  solution  under  the  conditions  of  the  for¬ 
maldehyde  analysis  are  not  necessarily  the  predominant  ones  that  occur  in  neu¬ 
tral  solution.  Most  significant  is  the  implication  from  the  carbon  mass  balance 
data  provided  by  the  formaldehyde  analysis,  that  the  large  majority  of  all  by¬ 
products,  other  than  the  nitroso  compounds  MNX,  DNX,  and  TNX,  are  suscepti¬ 
ble  to  hydrolysis  and/or  nitrous  acid  attack,  implying  that  they  are  unsaturated, 
amines,  amides,  etc.  These  reactions  take  place  on  a  different  time  scale  than  do 
the  photolytic  and  free-radical  reactions  being  studied,  and  continue  long  after 
photolytic  treatment  stops  (i.e.,  time  scale  of  tens  of  minutes  to  hours,  rather 
than  milliseconds  to  minutes). 

Importance  of  Nitrous  Acid  Reactions  in  the  Formation  of  MNX 
During  RDX  Photolysis 

The  preceding  discussion  raises  the  question  of  whether  nitrous  acid  reactions 
play  a  significant  part  in  formation  of  MNX.  Nitrous  acid  reacts  with  secondary 
amines  to  produce  nitroso  compounds,  and  this  reaction  has  been  suggested  as  a 
possible  pathway.  Consistent  with  this  suggestion  were  the  results  of  Kubose 
and  Hoffsommer  (1977),  that  the  nitroso  derivatives  were  only  observed  upon 
photolysis  of  RDX  in  acidic  solution,  and  then,  only  at  about  1  percent  yield.  On 
the  other  hand,  in  this  study  MNX  and  DNX  formations  were  observed  in  neu¬ 
tral  aqueous  solution  at  yields  in  the  10  to  15  percent  range.  Kubose  and  Hoff¬ 
sommer  used  a  medium-pressure  UV  lamp,  instead  of  a  low-pressure  lamp  as 
used  in  this  study,  which  may  account  for  some  of  the  differences,  due  to  the  dif¬ 
ference  in  spectral  output. 


CERLTR  99/93 


43 


lb  determine  if  nitrous  acid  was  active  in  the  formation  of  MNX,  RDX  was  pho- 
tolyzed  in  three  experiments  in  aqueous  solution  at  pH  values  of  3.1,  5.3,  and 
7.0.  The  pKa  of  nitrous  acid  is  3.4,  so  more  than  half  of  the  nitrite  produced 
would  have  been  in  the  form  of  nitrous  acid  in  the  pH  3.1  experiment.  The  MNX 
yields  for  those  three  experiments  are  shown  in  Figure  9,  where  it  is  seen  that 
pH  had  little  effect  on  the  MNX  yield,  with  the  greatest  yield  being  obtained  at 
pH  7.0,  rather  than  at  lower  pH.  Thus,  it  is  concluded  that  nitrous  acid  does  not 
participate  in  the  formation  of  MNX  during  photolysis  of  aqueous  RDX  solutions. 


Figure  9.  MNX  yield  as  a  function  of  pH. 

Inorganic  Nitrogen  Compound  Formation  During  RDX  Photolysis 

During  the  above  experiments,  measurements  were  also  taken  for  several  inor¬ 
ganic  nitrogen  compounds  that  occurred  as  by-products  during  RDX  photolysis. 
Yield  diagrams  are  shown  for  nitrite,  nitrate,  and  ammonium  ions  during  RDX 
photolysis  in  an  oxygen-sparged  (Figure  10)  and  nitrogen-sparged  (Figure  11) 
aqueous  solution.  In  the  oxygenated  solution  (Figure  10),  the  yield  of  nitrite  ap¬ 
pears  to  build  gradually,  while  in  the  deoxygenated  solution  (Figure  11),  after  low 
production  initially,  nitrite  appears  to  build  quickly  between  20  and  50  percent 
RDX  conversion.  In  both  solutions,  a  maximum  yield  of  about  2  was  reached 
(slightly  higher  in  oxygenated  solution).  A  final  nitrate  yield  of  about  1  was  ob¬ 
tained  in  the  oxygenated  solution,  compared  to  about  0.5  in  deoxygenated  solu¬ 
tion.  In  both  experiments,  a  maximum  ammonium  yield  of  about  0.75  was 
reached.  Thus,  a  maximum  nitrogen  mass  balance  of  about  3.75  out  of  6  was 


attained.  Interpretation  of  the  nitrogen  mass  balance  data  is  complicated  by  the 
fact  that  by-products  on  the  MUX  side  of  the  degradation  mechanism  can  hy¬ 
drolyze  appreciably  before  they  are  analyzed  for  the  inorganic  nitrogen  com¬ 
pounds  under  the  conditions  used.  Therefore,  some  fraction  of  the  yields  of  these 
compounds  may  have  been  formed  in  the  reaction  vial,  rather  than  in  the  reactor 
during  photolysis. 


Figure  10.  Inorganic  nitrogen  yields  under  oxygenated  conditions. 


Figure  11.  Inorganic  nitrogen  yields  under  deoxygenated  conditions. 
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There  are  four  primary  channels  by  which  nitrite  can  form  in  this  system:  (1) 
through  hydrolytic  disproportionation  of  N02,  which  also  produces  nitrate  in  an 
equal  amount,  (2)  as  a  by-product  of  the  reaction  between  N203  and  a  secondary 
amine  such  as  A,  (3)  through  hydrolysis  of  unstable  products  such  as  the  unsatu¬ 
rated  product  MUX,  and  (4)  by  direct  elimination  of  HN02  from  a  nitramine  such 
as  RDX,  if  this  elimination  occurs.  Nitrate  ion  can  arise  primarily  from  two 
sources.  The  first  is  the  disproportionation  of  N02 ,  as  mentioned  earlier.  The 
second  is  as  a  by-product  of  the  reaction  of  N204  with  a  secondary  amine  in  the 
reaction  that  forms  a  nitroso  compound: 

R2NH  +  N204  -» R2N -NO  +  H+  +  NOf 

These  reactions  will  be  examined  in  greater  detail  in  the  discussion  of  the  mod¬ 
eling  results. 

In  many  literature  accounts,  nitrogen  gas  and  N20  have  been  found  as  products. 
If  nitrogen  or  N20  were  formed  in  the  present  study,  they  would  have  gone  unde¬ 
tected,  since  no  measurements  were  made  on  the  gas  phase.  In  addition,  a  dif¬ 
ferent  sparge  gas  such  as  argon  would  have  been  required,  rather  than  nitrogen. 
Formation  of  one  molecule  of  nitrogen  or  N20  per  RDX  molecule  consumed  would 
bring  the  observed  mass  balance  up  to  5.75  out  of  6,  which  is  within  experimen¬ 
tal  error  of  mass  balance  closure.  The  mechanism  by  which  nitrous  acid  reacts 
with  primary  amines  to  liberate  nitrogen  is  through  the  formation  of  N203  (Nol- 
ler  1965).  For  the  present  system,  nitrous  acid  reactions  have  been  shown  to  be 
unimportant,  but  N203  is  produced  by  a  different  pathway,  which  is  the  reaction 
between  NO  and  N02.  It  is  interesting  to  note  that,  if  the  hypothesized  hydroly¬ 
sis  step  that  was  illustrated  in  the  previous  section  for  MUX  were  to  occur,  N203 
or  N204  would  rapidly  react  with  the  resulting  primary  amine,  liberating  one 
molecule  of  nitrogen  gas  and  producing  nitrite  or  nitrate,  respectively,  as  a  by¬ 
product. 


Investigations  of  the  MUX  Reaction  Channel 

In  earlier  work  (Peyton  and  LeFaivre,  unpublished  data),  the  rate  of  hydrolysis 
of  a  transient  product  thought  to  be  MUX  was  determined,  for  comparison  with 
information  from  the  literature. 

Another  determination  was  made  of  the  rate  constant  for  the  hydrolysis  of  the 
compound  assigned  to  the  structure  of  MUX.  RDX  was  photolyzed  in  water  for 
10  seconds  to  give  36  percent  RDX  removal,  then  a  sample  was  quickly  placed  in 
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an  autosampler  vial  and  repetitive  injections  made  into  the  HPLC.  Figure  12 
shows  the  disappearance  curve  of  MUX  in  that  experiment.  The  pseudo-first- 
order  rate  constant  was  obtained  as  the  slope  of  a  plot  of  the  natural  logarithm  of 
[MUX]  vs.  time  (not  shown).  The  value  was  found  to  be  3.3xlCU  sec'1  at  pH  7.08, 
in  reasonable  agreement  with  previous  values  of  l.lxlO"4  sec'1  (50:50  acetoni- 
trilerwater)  and  the  values  of  0.76X10"4  and  2.8x10^  at  pH  7.28  and  7.89,  respec¬ 
tively,  reported  by  Hoffsommer,  Kubose,  and  Glover  (1977). 

Another  experiment  was  performed  to  verify  that  this  was  indeed  a  hydrolysis 
reaction.  RDX  was  photolyzed  for  10  seconds  to  give  34  percent  conversion  in 
dry  acetonitrile  and  a  sample  of  the  acetonitrile  placed  in  an  HPLC  autosampler 
vial  for  repeated  injections  without  prior  dilution  with  water.  The  peak  area  of 
the  product  increased  by  a  factor  of  2  over  the  first  5  h,  then  dropped  off  sharply, 
and  decreased  by  half  the  amount  of  the  previous  increase  over  the  next  5  h. 
This  acetonitrile  solution  was  allowed  to  stand  overnight,  then  analyzed  the  next 
morning,  and  the  product  peak  in  the  HPLC  chromatogram  was  found  to  have 
approximately  the  same  area  as  on  the  previous  evening.  This  solution  was  then 
diluted  with  an  equal  volume  of  water  to  initiate  hydrolysis,  and  again  subjected 
to  repetitive  injections.  A  rapid  decrease  in  peak  area  was  noted,  with  a  half-life 
of  about  an  hour,  for  which  the  pseudo-first-order  rate  constant  for  the  transient 
disappearance  was  found  to  be  2.9xl0'4  s'1. 


Figure  12.  Hydrolysis  rate  of  MUX. 


CERL  TR  99/93 


47 


A  third  solution  of  RDX  in  acetonitrile  was  photolyzed  in  the  same  manner  (35 
percent  in  10  sec).  Instead  of  being  allowed  to  stand,  however,  it  was  immedi¬ 
ately  diluted  with  water  and  repetitively  injected  into  the  HPLC.  The  peak  area 
first  increased  somewhat,  then  decreased  with  a  pseudo-first-order  rate  constant 
of  2.6X10"4  s'1.  It  appears  that  the  increase  seen  in  the  previous  solution  repre¬ 
sented  the  “growing  in”  of  another  compound,  which  then  underwent  conversion 
to  still  another  species.  Another  possibility  is  that  the  first  compound  continued 
to  grow  in  competition  with  hydrolysis  or  another  reaction,  until  water  or  other 
reactant  was  consumed.  Regardless  of  whether  the  final  mixture  in  acetonitrile 
represented  one  compound  or  several,  the  hydrolysis  went  to  completion  upon 
addition  of  water  with  a  rate  constant  that  is  within  experimental  error  of  the 
other  values  quoted  above  for  the  compound  assigned  the  structure  of  MUX. 

On  the  basis  of  the  above  experiments,  it  is  concluded  that  the  compound  pro¬ 
duced  during  RDX  photolysis  in  acetonitrile  is  the  same  as  that  produced  upon 
photolysis  in  water,  and  that  the  reaction  that  it  undergoes  in  aqueous  solution 
is  indeed  a  hydrolysis  reaction.  Based  on  the  similarity  of  hydrolysis  rate  con¬ 
stants  between  this  compound  and  that  observed  by  Hoffsommer,  Kubose,  and 
Glover  (1977),  it  is  concluded  that  the  by-product  obtained  in  this  study  is  the 
same  as  observed  by  those  authors  upon  basic  hydrolysis  of  RDX.  Based  on  the 
fact  that  their  product  was  obtained  by  basic  hydrolysis  of  RDX,  and  its  identifi¬ 
cation  is  based  upon  the  mass  spectrum  obtained  by  those  authors,  we  agree 
with  their  conclusion  that  this  compound  is  the  first  unsaturated  derivative  of 
RDX,  referred  to  as  MUX  in  this  study.  It  can  also  be  concluded  that  samples 
will  change  appreciably  within  a  short  time,  so  that  analyses  performed  on  aque¬ 
ous  solutions  as  soon  as  the  next  day  can  be  expected  to  reflect  the  products  of 
hydrolysis,  not  those  intermediates  that  were  present  at  the  time  of  sampling. 
This  complicates  the  interpretation  of  analytical  results  for  formaldehyde  and 
inorganic  nitrogen  compounds  reported  earlier. 


Kinetic  Modeling  of  RDX  Photolysis 
Solution  of  Kinetic  Equations 

Simplification  of  the  rate  equations  through  the  use  of  the  steady-state  assump¬ 
tion  was  carried  out  in  an  attempt  to  arrive  at  versions  of  the  equations  that 
would  be  useful  in  data  interpretation.  In  particular,  the  limit  of  the  ratio  of  the 
rate  equations  for  MNX  and  RDX,  as  the  extent  of  conversion  approached  zero, 
should  extrapolate  to  the  initial  MNX  yield  value  at  low  RDX  conversion.  How¬ 
ever,  the  ratio  of  the  MNX  and  RDX  equations  derived  from  the  simplification  of 
the  kinetic  equations  gave  an  expression  that  depended  primarily  on  several 
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species  concentrations  and  rate  constants  that  were  not  known,  making  it  of  lit¬ 
tle  value  as  an  interpretative  tool.  It  was  therefore  necessary  to  numerically  in¬ 
tegrate  the  rate  equations  and  obtain  values  of  some  parameters  by  fitting,  as 
described  below. 

Numerical  Integration  of  the  Rate  Equations  and  Fitting  of  Rate 
Constants 

The  reactions  in  Table  1  were  used  to  construct  the  rate  equations,  as  described 
earlier.  The  equations  were  numerically  integrated  out  to  a  final  time  that  cor¬ 
responded  to  90+  percent  RDX  removal.  Since  the  calculations  predict  the  spe¬ 
cies  concentrations  throughout  the  reaction,  rates  of  individual  processes  can  be 
compared  to  determine  primary  and  secondary  pathways  within  the  mechanism. 
Because  this  model  does  not  explicitly  include  DNX  and  TNX,  the  results  at  later 
times  are  questionable,  compared  to  results  earlier  in  the  reaction,  when  MNX  is 
the  primary  product. 

Table  1  lists  the  values  of  the  rate  constants  used  in  the  final  simulation.  The 
value  of  kj  was  obtained  experimentally,  as  the  first-order  disappearance  rate 
constant  for  RDX.  The  value  for  k^  was  estimated  as  one  order  of  magnitude 
lower  than  the  measured  value  for  RDX  +  hydroxyethyl  radical  by  analogy  with 
the  findings  of  Jagannadham  and  Steenken  (1984),  who  reported  that  hy¬ 
droxymethyl  radical  rate  constants  for  reaction  with  nitroaromatic  compounds 
were  about  an  order  of  magnitude  smaller  than  those  for  hydroxyethyl  radical. 
Variation  of  this  rate  constant  showed  the  calculation  to  be  insensitive  to  even  a 
two  orders-of-magnitude  change.  The  same  calculations  showed  that  the  reduc¬ 
tive  reaction  RDX+S->Q  is  unimportant  in  this  system,  because  the  rate  of  MNX 
production  by  this  channel  is  several  orders  of  magnitude  slower  than  that 
through  the  amine  nitrosation  channel. 

The  values  of  the  rate  constants  for  R+R  and  R+NO  were  taken  to  be  1x10®, 
based  on  typical  values  for  radical-radical  reactions,  including  aminyl  radicals. 
The  value  for  R+Donor  was  set  slightly  higher  than  the  known  value  for  piperi- 
dyl  radical  +methanol.  Formaldehyde  was  considered  to  be  the  H-atom  donor  in 
this  calculation,  but  it  is  possible  that  other  byproducts  participate,  as  well.  The 
value  for  R+02  was  started  at  the  lower  end  of  the  range  estimated  from  the  lit¬ 
erature  for  aminyl  radicals  (lxlO4  to  1x10s  M  V1,  see  discussion  in  an  earlier  sec¬ 
tion),  and  varied  as  a  parameter,  giving  the  final  value  8xl03. 

No  value  could  be  found  from  which  to  estimate  the  rate  constant  for  rearrange¬ 
ment  of  the  aminyl  radical  to  a  carbon-centered  radical.  As  far  as  the  pathway 
diagram  is  concerned,  this  reaction  has  the  same  effect  as  reaction  of  R  with 
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oxygen:  R  is  diverted  from  the  MNX  subsystem  (i.e.,  an  “escape”  reaction)  and 
the  resulting  product  is  MUX.  Therefore,  for  purposes  of  modeling  the  MNX 
subsystem,  the  ratio  of  k^tOJ  and  krt  determines  the  oxygen  dependence  of  the 
escape  reaction.  Satisfactory  results  were  obtained  setting  krt  to  1.0  s'1,  compared 
to  km[02]=  8x103(1x10'5  to  lxl0'3)=(0.08  to  8.). 

Relative  values  for  the  rate  constants  for  reaction  of  amine  A  with  N„0,  and  N  O 
were  determined  by  setting  k^k^/2,  in  accordance  with  the  observations  of 
Challis  and  Kyrtopolis  (1978;  1979).  It  was  found  necessary  to  increase  kj.A 
slightly  (5.0xl08  in  the  present  work)  over  the  range  of  literature  values  of 
(7.5xl07  to  3.1xl08)  found  by  Casado  et  al.  (1983),  for  various  aliphatic  amines. 
Values  for  the  reactions  between  N02+N02,  N0+N02,  N02+N02+H20,  and  N0+02 
were  taken  directly  from  the  literature.  Rate  constant  values  for  the  reverse  re¬ 
actions  N203— >N0+N02  and  N204— >2  N02  were  calculated  from  the  equilibrium 
constant  at  25  °C  to  be  8.0xl04  and  7.0xl03,  respectively.  It  was  found  necessary 
to  decrease  the  latter  value  to  lxlO3  to  fit  the  present  data. 

The  value  of  the  rate  constant  for  the  photolysis  of  MNX  to  produce  NO  and  N02 
were  set  initially  to  lxlO'3,  based  on  the  value  for  the  similar  photolysis,  kr  The 
value  for  kp  was  later  adjusted  to  1.5xl0  3  to  obtain  a  better  fit  at  higher  RDX 
conversions,  but  it  must  be  kept  in  mind  that  this  incomplete  model  does  not  in¬ 
clude  the  effects  of  DNX  and  TNX.  Therefore,  the  model  cannot  be  expected  to 
fit  the  latter  part  of  the  yield  curve  as  well  as  it  should  fit  the  earlier  part. 

Results  of  Data  Fitting 

The  fit  of  the  kinetic  model  to  the  data  from  the  oxygen-  and  nitrogen-sparged 
experiments  discussed  above  is  shown  in  Figure  13.  The  solid  symbols  represent 
experimental  data,  while  the  open  symbols  are  the  predictions  calculated  from 
the  model.  The  calculated  and  experimental  results  differ  considerably  for  the 
first  three  points  shown  in  Figure  13.  The  error  bars  on  points  from  the  deoxy- 
genated  experiment  represent  the  uncertainty  introduced  by  the  relative  stan¬ 
dard  deviation  of  the  measured  MNX  and  RDX  concentrations,  and  the  calcu¬ 
lated  results  fall  inside  these  error  boundaries  except  for  the  first  two  points. 
The  unrealistically  high  values  of  the  yield  for  points  at  low  values  of  RDX  con¬ 
version  were  discussed  in  connection  with  Figure  6  and  7,  and  are  thought  to  be 
analytical  artifacts.  Therefore,  the  model  was  fit  to  only  the  central  portion  of  the 
data  corresponding  to  RDX  conversions  of  0.3  to  0.7. 
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Figure  13.  Comparison  of  model  predictions  to  actual  results  for  oxygenated  (02)  and 
deoxygenated  (N2)  conditions. 

Several  observations  can  be  made  from  the  numerical  values  of  the  species  con¬ 
centrations  that  were  calculated  by  the  rate  equation  integration: 

1.  The  parameter  fl  was  intended  to  represent  the  fraction  of  RDX  that  decom¬ 
posed  through  the  pathway  to  N02  and  aminyl  radical,  compared  to  other  un¬ 
specified  pathways  such  as  direct  elimination  of  HN02.  It  was  found  neces¬ 
sary  to  set  fl=l  to  produce  sufficient  MNX  to  reproduce  the  experimental 
data.  This  is  not  in  conflict  with  other  investigators’  observations,  since  MUX 
is  produced  by  other  pathways  in  the  proposed  mechanism.  Thus,  the  pro¬ 
posed  mechanism,  if  verified,  will  unify  the  MNX  and  MUX  channels  into  one 
branch  coming  from  a  single  primary  photochemical  step. 

2.  For  the  rate  constants  used  in  the  calculation,  the  effect  of  NO  formation  was 
found  to  be  negligible  (i.e.,  neither  reaction  with  oxygen  to  produce  N02  nor 
reaction  with  N02  to  produce  N203  was  found  to  be  significant).  This  was 
true,  in  part,  because  the  back  reaction  of  N204  was  sufficiently  slow  so  the 
primary  MNX-forming  channel  was  N204+A.  If  the  back-reaction  rate  for 
N„0„  had  also  been  lowered  from  the  literature  value  somewhat,  that  path- 
way  might  have  become  very  slightly  significant.  However,  since  the  inor¬ 
ganic  nitrogen  by-products  were  not  being  modeled  at  this  point,  the  effect  on 
the  result  of  this  calculation  would  be  insignificant. 
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3.  About  18  percent  of  the  photolyzed  RDX  was  transformed  to  MNX  in  the  ni¬ 
trogen-sparged  experiment,  not  all  of  which  was  present  at  any  give  time, 
due  to  further  photolysis.  The  maximum  present  at  one  time  was  13  percent 
at  the  27  percent  RDX  conversion  point.  Since  the  transformation  creates  ni¬ 
trate,  between  18  percent  and  3x18  percent=54  percent  yield  of  nitrate  would 
be  expected  due  to  this  source,  depending  on  the  efficiency  of  DUX  and  TUX 
generation. 

4.  In  the  deoxygenated  experiment,  45  percent  of  the  RDX  reacted  produced  the 
amine  A,  while  in  the  oxygen  experiment,  only  13  percent  made  it  that  far  into 
the  MNX  channel.  This  difference  is  due  almost  entirely  to  competition  for 
aminyl  radical  R  by  oxygen,  sending  reaction  flux  through  the  MUX  channel, 
rather  than  the  MNX  channel.  The  difference  between  flux  to  A  and  all  the  way 
through  to  MNX  is  caused  by  the  limited  availability  of  the  nitrosating  agent 
N204.  In  both  the  oxygenated  and  deoxygenated  experiments,  more  A  was  pro¬ 
duced  by  disproportionation  of  R  than  by  reaction  of  R  with  Donor  (formalde¬ 
hyde). 

5.  Of  all  the  N02  being  formed  at  the  37  percent  RDX  conversion  point,  23  per¬ 
cent  and  50  percent  hydrolyzed  (to  nitrate  and  nitrate)  in  the  N2  and  02 
sparged  experiments,  respectively,  while  the  other  77  percent  and  50  percent, 
respectively,  reacted  to  form  N204.  Therefore,  the  higher  MNX  production  in 
the  deoxygenated  system  was  due  to  greater  availability  of  the  nitrosating 
agent.  These  hydrolytic  yields  would  contribute  half  that  amount  to  the  ni¬ 
trate  yield  (12  percent  and  25  percent,  respectively),  with  the  balance  of  the 
nitrate  yield  due  to  formation  during  nitrosation.  The  percentage  yields 
listed  above  change  with  the  extent  of  RDX  removal. 
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6  Conclusions 

1.  Modeling  of  the  MNX  subsystem  provided  insight  into  the  primary  pathway 
in  MNX  formation  during  RDX  photolysis,  and  allowed  some  terms  in  the 
rate  equation  to  be  discarded. 

2.  The  product  yield  per  RDX  consumed  is  a  useful  quantity  for  understanding 
RDX  photolysis  pathways.  This  quantity  can  be  used  in  conjunction  with  re¬ 
action  rates  predicted  by  the  model  to  estimate  flux  through  various  chan¬ 
nels. 

3.  The  main  pathway  in  RDX  photolysis  to  produce  MNX  is  loss  of  N02,  followed 
by  disproportionation  or  reaction  of  the  aminyl  radical  thus  formed  with  an 
H-atom  donor  to  produce  the  corresponding  amine.  The  amine  is  then  nitro- 
sated  by  the  N204  formed  by  dimerization  of  N02.  Reducing-radical  attack 
upon  RDX  to  cause  direct  reduction  to  the  nitroso  compound  does  not  appear 
to  be  important  in  the  aqueous  system. 

4.  Although  a  considerable  fraction  of  photolyzed  RDX  appears  to  go  through  an 
alternate  reaction  channel,  which  appears  to  involve  formation  of  the  unsatu¬ 
rated  product  MUX,  there  is  a  single  primary  photochemical  step,  with 
branching  occurring  at  the  aminyl  radical  reaction  stage. 

5.  Although  hydrolysis  of  N02  is  an  important  reaction,  it  is  by  no  means  domi¬ 
nant,  allowing  nitrosation  of  the  amine  by  N204. 

6.  The  portion  of  the  reaction  that  goes  through  the  MUX  side  of  the  mechanism 
appears  to  produce  unsaturated  compounds  that  are  easily  hydrolyzable.  An 
early  product  thought  to  be  MUX  hydrolyzed  with  a  rate  constant  of  3x10“*  s'1 
(half-life  of  about  40  min),  making  identification  of  these  transient  products 
difficult. 

7.  The  reductive  reaction  carried  out  by  donor  radicals  appears  to  be  unimpor¬ 
tant  in  this  system. 
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